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C h a p t e r  1 
INTRODUCTION 
I n  r e c e n t  y e a r s ,  a growing number of  s t u d i e s  has  shown p o s s i b i l i t i e s  
0 2  a p p l y i n g  m a t h e m a t i c a l  o p t i m i z a t i o n  t e c h n i q u e s  t o  v a r i o u s  water problems.  
Some of t h e  s t u d i e s  mere ly  f o r m u l a t e  m a t h e m a t i c a l  models  ueing o p t i -  . 
r . ~ i z a t i o n  t e c h n i q u e s  i n  t h e  c o n c e p t u a l  r e a l m ,  w h i l e  o t h e r s  n o t  only p r e s e n t  
such models  b u t  d e m o n s t r a t e  t h e  models t  o p e r a t i o n a l i t y  t h r o u g h  examples.  Among t h e  
o ! > t i r n i z a t i o n  t e c h n i q u e s ,  most commonly u s e d  are t h e  l i n e a r  programming and 
dynamic programming methods.  Gxamples of  t h e  s t u d i e s  u s i n g  t h e  l i n e a r  
programming method are: t h e  d e s i g n  o f  a d e t e r m i n i s t i c  r i v e r - b a s i n  sys t em 
[Dorfman], t h e  d e s i g n  of a s t o c h a s t i c  r e s e r v o i r  sys t em ['Thomas and Watermeyer],  
u a t e r  q u a l i t y  management [ ~ e v e l l e  and o t  he r s3  , t h e  c a p a c i t y  e x p a n s i o n  o f  
sewage t r e a t n e n t  f a c i l i t i e s  [ Lynn I ,  water t r e a t m e n t  [~<erri], economics of  
w a t e r  q u a l i t y  management [ Johnson] ,  and water p o l l u t i o n  c o n t r o l  i n  t h e  
6 
Delaware  E s t u a r y  [Thornann]. Examples o f  t h e  s u b j e c t s  u s i n g  t h e  dynamic pro-  
%ramming method i n c l u d e :  t h e  d e s i g n  o f  a m u l t i p l e  pu rpose  r e s e r v o i r  [ H a l l '  
19641,  t h e  d e t e r m i n a t i o n  of  aqueduc t  c a p a c i t y  [ H a l l ,  19631,  water r e s o u r c e  
development  [ H a l l  and  ~ u r a s l ,  and m u l t i s t a g e  water r e s o u r c e  s y s t e m s  [ ~ e i e r  
1 
and B e i g h t e r ]  . 
T h i s  s t u d y  i s  a n  a p p l i c a t i o n  of  l i n e a r  progran~ming t o  t h e  m u l t i - s t a g e  
c a p a c i t y  e x p a n s i o n  o f  a m u n i c i p a l  water t r e a t m e n t - d i s t r i b u t i o n  s y s t e m ,  
d e t e r m i n i n g  t h e  s i z e s  o f  t r e a t m e n t  p l a n t s  and d i s t r i b u t i o n  r e s e r v o i r s  and 
t h e  p o i n t s  of  t i m e  a t  which t h e s e  f a c i l i t i e s  are i n s t a l l e d .  One of t h e  s a l i e n t  
p o i n t s  i n  c a p i t a l  i nves tmen t  i s  economics of  s c a l e  a v a i l a b l e  t o  l a r g e  f a c i l i t i e s .  
I n  t h i s  s t u d y ,  t h e  s c a l e  e l f e c t s  a r e  i n c l u d e d  i n  t h e  c a p i t a l  and o p e r a t i n g  
.co~.srs.l -3suon y3ns no? -3 1r:b-:-. s2un-r a113 2uls r I, 
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Chapter 2 
GENERAL DISCUSSION 
B e f o r e  d e v e l o p i n g  a  m a t h e m a t i c a l  model of  t h e  m u n i c i p a l  w a t e r  t r e a t m e n t -  
d i s t r i b u t i o n  s y s t e m ,  a few s a l i e n t  a s p e c t s  oE t h e  problem a r e  d i s c u s s e d  i n  
b r i e f .  
T rend  i n  M u n i c i p a l  Water  Requi rement  
--
A l o n g  r a n g e  p l a n  f o r  expand ing  t h e  c a p a c i t y  o f  a water t r e a t m e n t -  
d i s t r i b u t i o n  sys t em i s  p receded  by t h e  f o r e c a s t i n g  of  f u t u r e  demand t h a t  
t a k e s  i n t o  a c c o u n t  p a s t  r e c o r d s  o f  t h e  t y p e  and  p a t t e r n  of  comnlunity w a t e r  
u s e ,  p h y s i c a l  and  c l i m a t i c  c o n d i t i o n s ,  e x p e c t e d  h ~ u s i n g ,  commerc ia l  and 
i n d u s t r i a l  deve lopmen t s ,  and t r e n d s  o f  p o p u l a t i o n  i n c r e a s e .  S i g n i f i c a n t  
f a c t o r s  d e t e r m i n i n g  w a t e r  demand i n  a  small r e s i d e n t i a l  community i n c l u d e  
number of  r e s i d e n t s ,  number o f  h o u s e h o l d s ,  and d e n s i t y  o f  d w e l l i n g  u n i t s .  
Acco rd ing  t o  a r e p o r t  s u b m i t t e d  by  t h e  U. 3. Senate Select Cornittee on  Water 
R e s o u r c e s  [p. I], t h e  p o p u l a t i o n  of  t h e  U n i t e d  S t a t e s  w i l l  grow from 108.9 
m i l l i o n  i n  1959 t o  204.4 m i l l i o n  i n  1980 and  321.8 m i l l i o n  i n  2000. I n  
Inany sn ra l l  c i t i e s  w i t h  r a p i d l y  growing r e s i d e n t i a l  d i s t r i c t s  t h i s  t r e n d  i n  
p o p u l a t i o n  g rowth  has  been  e s p e c i a l l y  s i g n i f i c a n t  and i s  e x p e c t e d  t o  
c o n t i n u e  f o r  t h e  f o r e s e e a b l e  f u t u r e .  
I n  a d d i t i o n  t o  t h e  p o s s i b i l i t y  o f  a  g r e a t e r  i n c r e a s e  i n  p o p u l a t i o n ,  
o t h e r  f a c t o r s  c o u l d  have  a c o n s i d e r a b l e  s t i m u l a t i n g  i n f l u e n c e  on t h e  amount 
o f  w a t e r  r e q u i r e d  i n  t h e  f u t u r e  f o r  m u n i c i p a l  pu rposes .  New househo ld  
d e v i c e s ,  new i n d u s t r i a l  u s e s ,  u r b a n  r e a r r a n g e m e n t s ,  and  c o n t i n u i n g  improve-  
ment i n  l i v i n g  s t a n d a r d s  c o u l d  r e s u l t  i n  s u b s t a n t i a l  i n c r e a s e s  p e r  c a p i t a  
consumpt ion .  A l s o ,  t h e r e  i s  a t e n d e n c y  o f  i n d u s t r i e s  t o  p u r c h a s e  w a t e r  
from m u n i c i p a l  s y s t e m s  r a t h e r  t h a n  t o  m a i n t a i n  t h e i r  own s o u r c e s  of  s u p p l y .  
A s  w e l l s  and  o t h e r  s o u r c e s  a v a i l a b l e  t o  t h e n  become p o l l u t e d  and d e s t r o y e d ,  
i n d u s t r i e s  f i n d  i t  i n c r e a s i n g l y  economica l  t o  s e e k  w a t e r  from p u b l i c  sys t ems  
CU. S. Senate Select Committee, p ,  111, 
I n  summary, t h e  Committee R e p o r t  states t h a t  147 g a l l o n s  p e r  c a p i t a  
: J e r  day a v e r a g e  m u n i c i p a l  u s e  i n  1960 may, unde r  t h e  c i r c u m s t a n c e s  and  con-  
d i t i o n s  d e s c r i b e d  above ,  c o n c e i v a b l y  i n c r e a s e  t o  abou t  185 g a l l o n s  p e r  c a p i t a  
p e r  day  i n  19E0, and t o ,  p e r h a p s ,  225 g a l l o n s  p e r  c a p i t a  p e r  day  i n  y e a r  20CO. 
Such r c q u i r e v - e n t s  a r e  s t r o n g l y  a f f e c t e d  by r e g i o n a l  and c l i n l a t i c  condit:i-oils.  
I n  p a r t i c u l a r ,  where lawn s ; l r i n k l i n g  i s  w i d e s p r e a d  and  p r o l o n g e d ,  r e q u i r e m e n t s  
may c o n s i d e r a b l y  exceed  t h o s e  f i g u r e s  C ~ l a r k ,  p .  331. 
P a t t e r n s  o f  M u n i c i p a l  Wa te r  Use 
-- 
The r a t e s  of  r e s i d e n t i a l  w a t e r  u s e  c o n s t a n t l y  f l u c t u a t e  v a r y i n g  from 
1 
hour  t o  h o u r ,  day  t o  d a y ,  and s e a s o n  t o  s e a s o n .  A s t u d y  conduc ted  by Linawenver ,  
e t  a l .  on 4 1  r e p r e s e n t a t i v e  a r e a s  shows t h a t  maxirnurn d a i l y  demands a v e r a g e  
259 p e r c e n t  of  t h e  a n n u a l  a v e r a g e s  and  peak h o u r l y  demands a v e r a g e  534 p e r c e n t  
o f  t h e  a n n u a l  a v e r a g e s   inawe awe aver, p ,  131.  Most o f  d i f f e r e n c e  be tween summer 
and  w i n t e r  u s e  i n  r e s i d e n t i a l  a r e a s  i s  a t t r i b u t e d  t o  lawn i r r i g a t i o n .  Dur ing  
t h e  w i n t e r  p r a c t i c a l l y  a l l  o f  t h e  water u s e  i s  f o r  d o m e s t i c  p u r p o s e s  i n s i d e  
t h e  hone.  On a w i n t e r  day ,  t h e r e  a r e  t y p i c a l l y  two p e a k s ,  one i n  t h e  morning 
and one  i n  t h e  e a r l y  e v e n i n g .  On a  summer day  a much h i g h e r  peak o c c u r s  a t  
a b o u t  noon and  o f t e n  a n  even  g r e a t e r  peak d u r i n g  t h e  e v e n i n g  h o u r s .  A s  a 
s p e c i f i c  example ,  t h e  L i n a w e a v e r ' s  s t u d y  r e p o r t s  demand f l u c t u a t i o n s  i n  
C r e e k s i d e  A c r e s ,  Oalcland, C a l i f o r n i a  C ~ i n a r ~ e a v e r ,  p. 9-10]. I n  t h i s  d i s t r i c t ,  
a v e r a g e  summer u s e  may exceed  a v e r a g e  w i n t e r  u s e  by  a f a c t o r  of  t h r e e :  on a 




ooor $j' m 
Fi oooz 
G r;, 
o f t e n  impose a  d a i l y  demand which i s  f i v e  t imes  t h e  average  d a i l y  w i n t e r  use .  
Hourly demand v a r i e s  by an even wider  margin. F i g u r e  1 shows t h e  demand 
p a t t e r n s  of  a  t y p i c a l  w i n t e r  and summer day i t1  Creelcside a r e a s  r e p o r t e d  by 
[Linaweaver,  p. 101. 
LJater r equ i rements  of i n d u s t r i a l  u s e r s  v a r y  c o n s i d e r a b l y  w i t h  t y p e  02 
i n d u s t r y  and c h a r a c t e r i s t i c s  01 i n d i v i d u a l  u s e r s  and,  t h e r e f o r e ,  a c c u r a t e  
f o r e c a s t i n g  of  i n d u s t r i a l  w a t e r  r equ i rements  i s  ex t remely  d i f f i c u l t .  Although 
i n  t h e  p a s t  many u s e r s  developed t h e i r  own supp ly  sys tems,  t h u s  imposing no 
demand on t h e  l o c a l  munic ipal  sys tem,  t h e r e  is  a t r e n d  t h a t  t h e s e  u s e r s  
purchase  w a t e r  from municipal  systems.  G e n e r a l l y ,  commercial u s e r s  of 
v a r i o u s  t y p e s  do n o t  m a t e r i a l l y  a f f e c t  peak munic ipa l  demands. Maximum com- 
m e r c i a l  needs a r e  c o n s i d e r a b l y  less impor tan t  than  peak s p r i n k l i n g  demands 
i n  de te rmin ing  peak l o a d s  on a  d i s t r i b u t i o n  system s u b j e c t  t o  heavy s p r i n k l i n g  
4 
l o a d s  [Clark ,  p. 37-38]. 
E s t i m a t i o n  of Peak Demands 
-- 
I n  de te rmin ing  t h e  c a p a c i t y  of a  w a t e r  t r e a t m e n t - d i s t r i b u t i o n  sys tem,  
d e t e r m i n a n t  f a c t o r s  a r e  t h e  average  annual  demand, t h e  maximum d a i l y  demand, 
I and t h e  peak hour ly  demand i n  a maximum day. 
The e x i s t i n g  FHA s t a n d a r d s  recommend d e s i g n i n g  f o r  an  average  annual  
I 
1 demand of 400 gpd p e r  dwel l ing  u n i t ,  a  maximum d a i l y  demand of  800 gpd pe r  
d w e l l i n g  u n i t ,  and a  peak hour ly  demand of 2,000 gpd p e r  dwel l ing  u n i t ,  excep t  
2,800 gpd p e r  d w e l l i n g  u n i t  w i t h  e x t e n s i v e  s p r i n k l i n g .  However, Linaweaver,  
1 e t  a l .  [p. 551  b e l i e v e  t h e  above s t a n d a r d s  t end  t o  l e a d  t o  underdes ign of 
. r 
sys tems i n  high-valued metered a r e a s  and overdes ign  i n  lower-valued metered 
a r e a s  and i n  apar tment  a r e a s .  Based on d a t a  o b t a i n e d  i n  4 1  r e p r e s n t a t i v e  
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2  6 
(4.) a. (mxdy) = 1,090 + 1.66 ( 10~?-f -  5.46 ( 10 )/a 
- 
F i n a l l y ,  t h e y  ,+ronose t h e  Eollo:,riny; r3 and Q '  f o r  d e t e m i n i n g  ( pk h  r )  (pk hr)  
t h e  e x p e c t e d  peak  h o u r l y  dcr.\and and t h e  d e s i g n  peakc h o u r l y  demand w i t h  a 
95 p e r c e n t  c o n f i d e n c e  i n t e r v a l ,  o r  a 2.5 p e r c e n t  chance  of  b e i n g  exceeded:  
(pkhr)  = 334 a + 2.024 (mxdy) 
where  
2  6 
(7) 0. (pkhr)  = 4.04.{1,090 -1- 1.66 ( lo4?))-i- 12.3 ( 10 )/a 
Water  sys t em s u p p l y  and t r e a t m e n t  f a c i l i t i e s  and n o s t  d i s t r i b u t i o n  
f a c i l i t i e s  are d e s i g n e d  f r o n  e s t i m a t e s  o f  maximum d a i l y  and peak h o u r l y  
demands. Al though L i n a v e a v e r  Cp. 721 s u g g e s t s  a s  t h e  d e s i g n  c r i t e r i o n  t h e  
d e s i g n  peak h o u r l y  denand o r  t h e  d e s i g n  maximum d a i l y  demand p l u s  f i r e  flo~cr 
r e q u i r e m e n t s ,  wh icheve r  i s  l a r g e r ,  t h e s e  r e q u i r e m e n t s  seem t o o  h i g h .  I n  
p r a c t i c e ,  b o o s t e r  pumping a c c o ~ ~ p a n i e d  b y  i n c r e a s e d  c h l o r i d a t i o n  i s  u s e d  t o  
i n c r e a s e  t h e  s u p p l y  of  w a t e r  o f  a p l a n t  as much as 4 0 % a b o v e  i t s  r a t e d  c a p a c i t y  
on d a y s  of e x c e p t i o n a l l y  l a r g e  demands. Lowering t h e  q u a l i t y  o f  water i s  
u n a v o i d a b l e  i n  s u c h  a  c a s e .  
Requ i r emen t s  f o r  F i r e  F i g h t i n g  
I n  a d d i t i o n  t o  demands c r e a t e d  by r e s i d e n t i a l ,  commercial  and i n d u s t r i a l  
u s e s ,  a m u n i c i p a l  w a t e r  sys t em must s a t i s f y  r e q u i r e m e n t s  f o r  f i r e - f i g h t i n g .  
The Amzrican I~ l su rnncc  Assoc ia t ion  (AM), \r:l!:.ch has analgarnatcrd t h a  fornler 
National Board of Fire Underwriturs (NBTU),  recommends t h e  fb l lowir~g flow f o r  
t h e  h igh-va lue  d i z t - r i c t  i n  an average municipal i ty of 300,000 o r  l e s s :  
where Q: i s  denand i n  n i l l i o n  ga l lons  per  n i r u t e  and 'P i s  populatiorl i n  thou- 
t 
sands.  A I A  f u r t h e r  recornnencls t h e  above f i r e  flow t o  contj-nue f o r  t he  number 
of hours s p e c i f i e d  i n  Table 1. However, t h e  s p e c i f i c  va lue  of a f i r e  flow 
w i l l  be dctcnnined by t h e  s t r u c t u r a l  conSit ioac and conzes t ion  of bu i ld ings  
i n  t h e  d i s t r i c t  considered.  Storage shoald be a b l e  t o  provide t h e  r equ i r ed  . 
f i r e  flow f o r  t h e  specifi .ed dura t ion  dur-ing a  per iod of 5 days wi th  consumption 
a t  t h e  maximum d a i l y  r a t e .  The maximu~n d a i l y  consumption i s  t h e  maxin~urn t o t a l  
amount used dur ing  any 24-hour per iod i n  t h e  pas t  3 years .  Where no f i g u r e  
f o r  maximum d a i l y  consumption is a v a i l a b l e ,  i t s  e s t ima te  should be a t  l e a s t  
50 percent  g r e a t e r  than  t h e  average d a i l y  consumption during the  preceding 
yea r  [NBFU, p. 14-32]. 
Table  1. Required Duration f o r  F i r e  Florrk 
--- 
Required F i r e  F l o ~ i  Required Durat ion 
Qf gpm H hours f  
Less  than  1,250 
1,250 and g r e a t e r ,  bu t  l e s s  than 1,500 
2,500 and g r e a t e r  10 
*From IBFU Grade Schedule,  p. 20. 
\ l a t e r  D i s t r i b u t i o n  System 
The w a t e r  t r e a t m e n t - d i s t r i b u t i o n  s y s t e n  t o  b e  developed l a t e r e n c o m p a s s e s  
s p e c i f i c a l l y  t h e  wa te r - t r ea tment  p l a n t ,  i n c l u d i n g  t h e  pumping f a c i l i t i e s ,  
and t h e  d i s t r i b u t i o n  r e s e r v o i r .  T h i s  s y s t e n  a t  t h e  o u t s e t  has one t r e a t m e n t  
p l a n t  and one d i s t r i b u t i o n  r e s e r v o i r  and will be added by more t r e a t m e n t  
p l a n t s  and r e s e r v a i r s  a s  demand f o r  water i n c r e a s e s  w i t h  t ime.  These f a c i l -  
i t i e s  a r e  i n t e r l o c k e d  t o  one a n o t h e r  and assumed t o  f u n c t i o n  as an i n t e g r a l  
u n i t .  
The sys tem must b e  des igned t o  s a t i s f y  t h o s e  maximum requ i rements  d i s -  
c u s s e d  i n  t h e  p rev ious  s e c t i o n s .  Because of s e a s o n a l  o r  hour ly  v a r i a t i o n s  
i n  w a t e r  use  p a t t e r n ,  c o n s i d e r a b l e  c a p a c i t y  i s  i d l e  much of  t h e  t ime.  The 
t r e a t m e n t  p l a n t  and i t s  a s s o c i a t e d  f a c i l i t i e s  c o u l d  have a  s u f f i c i e n t l y  
l a r g e  pumping r a t e  t o  s a t i s f y  d i r e c t l y  a  marimurn demand r a t e  a t  any p o i n t  
i 
of t ime  d u r i n g  a  day ,  a d j u s t i n g  t h e  pumping r a t e  t o  changing demand. Such an 
o p e r a t i o n  r e q u i r e s  t h e  c a p a c i t y  of a  p l a n t  which i s  n o t  f u l l y  u t i l i z e d  most 
of t h e  t ime.  F u r t h e r ,  i t  i s  u s u a l l y  economical  t o  o p e r a t e  t h e  pumping 
s t a t i o n  a t  a c o n s t a n t  r a t e ,  supp ly ing  a c o n s t a n t  f low of w a t e r  t o  t h e  sys tem 
throughout  t h e  o p e r a t i n g  hours.  Excess supp ly  of w a t e r  d u r i n g  s l a c k  p e r i o d s  
i s  s t o r e d  i n  d i s t r i b u t i o n  r e s e r v o i r s ,  e i t h e r  s u r f a c e  r e s e r v o i r s  o r  e l e v a t e d  
t a n k s ,  and used t o  compensate f o r  t h e  i n s u f f i c i e n t  f low of w a t e r  from t h e  
t r e a t m e n t  p l a n t  d u r i n g  peak p e r i o d s  o r  a t  times of e x t r a o r d i n a r y  demand such  
a s  f i r e  f i g h t i n g .  
Under i n c r e a s i n g  demand, t h e  i n s t a l l a t i o n  of  a t r e a t m e n t  p l a n t  and 
a s s o c i a t e d  f a c i l i t i e s  des igned t o  meet immediate needs w i l l  sooner  o r  later 
becone inadequa te .  A t e s t e d  and economical ly  f e a s i b l e  p l a n  i n  t h i s  s i t u a t i o n  
is  t o  b u i l d  a  s u f f i c i e n t l y  l a r g e  p l a n t  t h a t  s a t i s f y  t h e  demand f o r  some 
y e a r s  t o  come. S i m i l a r l y ,  w i t h  demand i n c r e a s i n g  c o n t i n u o u s l y ,  t h e  sys tem 
e v e n t u a l l y  needs  an a d d i t i o n a l  r e s e r v o i r  i n  o r d e r  t o  make a  b e t t e r  use  of 
t h e  i n s t a l l e d  p l a n t s .  TIlus rile c a p a c i t y  of t h e  w a t e r  t r e a t m e n t - d i s t r i b u t i o n  
sys tem c o u l d  be expanded by t h e  mixed i n s t a l l a t i o n  of t r e a t m e n t  p l a n t s  and 
r e s e r v o i r s .  
Reg iona l  c o n d i t i o n s ,  t h e  q u a l i t y  of  a v a i l a b l e  w a t e r ,  o r  t o t a l  munic ipal  
demand de te rmines  whether  w a t e r  i s  o b t a i n e d  from underground s o u r c e s  o r  
s u r f a c e  s o u r c e s  such a s  r e s e r v o i r s ,  r i v e r s ,  o r  l a k e s .  The t o t a l  inves tment  
and t r e a t m e n t  c o s t s  o f  a  t r e a t m e n t  p l a n t  depend on t h e  t y p e  of w a t e r  s o u r c e  
b e i n g  used.  A s  f o r  d i s t r i b u t i o n  r e s e r v o i r s ,  t h e  most economic t y p e  i s  t h e  
g r o u n d - l e v e l  r e s e r v o i r  o r  s t a n d p i p e  on a d j a c e n t  h i l l s .  T h i s  t y p e  i s  i n f e a s i b l e  
where h i l l s  o r  e l e v a t e d  a r e a s  a r e  a b s e n t .  I n  f l a t  a r e a s ,  d i s t r i b u t i o n  s t o r a g e  
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ra1:es t h e  form of e i t h e r  e l e v a t e d  t a n k s  o r  :;round-level r e s e r v o i r s  w i t h  
b o o s t e r  pumping s t a t i o n s .  Noneconomic advan tages  and d i s a d v a n t a g e s  of t h e s e  
r e s e r v o i r s  a r e  d i s c u s s e d  i n  some of t h e  e x i s t i n g  l i t e r a t u r e - - s e e ,  f o r  c2:ample, 
I k e c  h  . 
Water  Treatment C o s t s  
One of t h e  most impor tan t  a s p e c t s  i n  any c a p i t a l  inves tment  is 
economies of s c a l e  r e l a t e d  t o  t h e  s i z e  o r  c a p a c i t y  of  t h e  c a p i t a l  f a c i l i t y .  
Normally,  t h e  s c a l e  e f f e c t s  a r e  r e f l e c t e d  on t h e  c a p i t a l  c o s t  of t h e  f a c i l i t y  
and /o r  i t s  o p e r a t i n g  c o s t .  The most common r e l a t i o n s h i p  between c a p a c i t y  
and such a  c o s t  i s  g i v e n  by a  concave-convex f u n c t i o n  showing a  d e c r e a s i n g  
marg ina l  c o s t  w i t h  an  i n c r e a s e  i n  c a p a c i t y  up t o  a  c e r t a i n  p o i n t ,  beyond which 
t h e  marg ina l  c o s t  i n c r e a s e s  w i t h  an i n c r e a s e  i n  c a p a c i t y  a s  i s  i l l u s t r a t e d  by 
t h e  curve  i n  F i g u r e  2. Normally, c a p i t a l  inves tment  a n a l y s t s  a r e  i n t e r e s t e d  
on ly  i n  t h e  r e g i o n  o f  t h e  d e c r e a s i n g  marg ina l  c o s t ,  i . e . ,  t h e  r e g i o n  under  
curve  AB i n  F igure  2. - 
F I G U R E  2 .  T Y P I C A L  R E L A T I O N S H I P  BETWEEN CAPACITY AND C A P I T A L  
COST OR TOTAL OPEFATING COST FOR CAPACITY OPERATION 
I 
CAPACITY 
The t o t a l  c o s t  o f  w a t e r  t r e a t m e n t ,  l i k e  a r e g u l a r  c a p i t a l  i n v e s t m e n t  
p r o j e c t ,  i s  composed of  t h e  c a p i t a l  c o s t  o f  a p l a n t  and  t h e  c o s t s  o f  ope r -  
a t i o n  and ma in tenance .  These  c o s t s  are s i g n i f i c a n t l y  influenced by both 
t h e  c a p a c i t y  o f  t h e  t r e a t m e n t  p l a n t  and s o u r c e s  from which w a t e r  
i s  o b t a i n e d .  
L i t e r a t u r e  on t h e  c o s t s  o f  w a t e r  t r e a t m e n t  i s  v e r y  l i m i t e d .  The f o l l o w -  
i n g  d i s c u s s i o n  i s  b a s e d  ma in ly  on i n f o r m a t i o n  a v a i l a b l e  from p u b l i c a t i o n s  by 
Koenig and t h e  I l l i n o i s  S t a t e  Water  Survey. 
The t o t a l  t r e a t m e n t  c o s t  o f  s u r f a c e  water r e p o r t e d  by  Koenig i s  b a s e d  
on d a t a  from 30 p l a n t s .  The c a p i t a l  c o s t  o f  a p l a n t  c o v e r s  t h e  low l i f t  
pumping s t a t i o n ,  t h e  t r e a t m e n t  p l a n t  i t s e l f ,  and t h e  h i g h  l i f t  pumping 
s t a t i o n ,  b u t  i t  d o e s  n o t  i n c l u d e  conveyance l i n e s  f o r  raw w a t e r  o r  f i n i s h e d  
w a t e r ,  n o r  b o o s t e r  s t a t i o n s  on f i n i s h e d  w a t e r  l i n e s  o r  d i s t r i b u t i o n  l i n e s  
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[Koenig ,  p .  2951. The I l l i n o i s  S t a t e  Water  Su rvey  (ISWS) a d j u s t e d  d a t a  from 
42 p l a n t s  ( i n c l u d i n g  Koen ig ' s  30 p l s n t s  and o t h e r  d a t a  which a p p e a r e d  i n  t h e  
J o u r n a l  of  t h e  American Water Works A s s o c i a t i o n )  t o  1964 p r i c e s  and  t o  
l o c a t i o n  d i f f e r e n c e s  b y  u s i n g  t h e  Handy-Whitman Ut i l i t i e s  I n d e x e s  f o r  small 
t r e a t m e n t  p l a n t s ,  0  t o  1 m i l l i o n  g a l l o n s  p e t  day  (mgd), and l a r g e  t r e a t m e n t  
p l a n t s ,  g r e a t e r  t h a n  1 mgd. Us ing  t h e  a d j u s t e d  d a t a ,  ISWS t h e n  o b t a i n e d  
t h e  f o l l o w i n g  r e g r e s s i o n  r e l a t i o n  between c a p a c i t y  and c a p i t a l  c o s t :  
where E i s  t h e  c a p i t a l  c o s t  i n  $1,000 and K i s  t h e  c a p a c i t y  i n  mgd.  
P s 
K o c n i g ' s  s t u d y  [ p .  3241 i n d i c a t e s  t h a t  t h e  c a p i t a l  c o s t s ,  a m o r t i z e d  o v e r  
30 y e a r s  a t  4% i n t e r e s t  r a t e ,  c o n t r i b u t e s  t h e  g r e a t e s t  p o r t i o n  o f  t h e  t o t a l  
t r e a t m e n t  c o s t s ,  b e i n g  40-55% depending on t h e  degree  of p l a n t - c a p a c i t y  u t i l i -  
z a t i o n .  The nex t  major  i tem i s  manpower, c o n t r i b u t i n g  22% i n  t y p i c a l  p l a n t s .  
The t h i r d  i t em i n  t h e  l i s t  i s  energy w i t h  10-13% c o n t r i b u t i o n s .  These t h r e e  
i t ems  c o n t r i b u t e  a lmost  718 of t h e  t o t a l  c o s t .  Other  itenis i n c l u d e d  i n  .the 
c o s t  a r e  chemica l s  w i t h  6% c o n t r i b u t i o n ,  h e a t i n g ,  maintenance,  and r e p a i r ,  
each  w i t h  2% c o n s t r i b u t i o n .  The t o t a l  t r e a t m e n t  c o s t  of " t y p i c a l  p l a n t s "  
t a b u l a t e d  by Koenig i s  reproduced i n  Tab le  2,  i n  which t h e  h e a t i n g  c o s t  r e p -  
r e s e n t s  abou t  t h e  naxic~um t o  be exper ienced  i n  t h e  Uni ted  S t a t e s .  
Tab le  2. E;le!-~ents of Average Water Treatment  Cost  i n  
"Typical  P l a n t s "  (1354. P r i c e  Level)  
---- 
Dcsi:;n C a ) a c i t y  0 . 5  8  .O 
1, m:jcl 
.- - - -- .- 
--. - 
U t i l i z a t i o n  R a t e s  0 . 5  1.0 0.5 1 .0  
Maintenance,  R e p a i r  
and Replacement 7.0 5.0 2 .9  1 .7  
Hea t ing  (140 days) 9.2 4.6 2.2 1.1 
Energy 33 .O 33.0 17 .O 17.0 
Chemicals 1 8 . 5  1 C .  5  7.2 - 7.2 
Average Opera t ing  
Cos t  f  (u) 
Source:  Koenig [21, p. 3241 
I n  computing a  u n i t  c o s t  of w a t e r  t r e a t m e n t ,  Koenig a l l o c a t e d  t h e  annual.  
a m o r t i z a t i o n  of c a p i t a l  c o s t ,  a long  w i t h  o t h e r  c o s t s ,  t o  e a c h  g a l l o n  of w a t e r  
t r e a t e d  a t  a  g iven  r a t e  of p l a n t  u t i l i z a t i o n .  The r e s u l t  i s  t h e  average  c o s t  
or' w a t e r  t r e a t m e n t  a t  t h a t  u t i l i z a t i o n -  r a t e .  Because  t h e  average  c o s t  changes 
a s  t h e  u t i l i z a t i o n  r a t e  s h i f t s ,  t h e  c o s t  ob ta ined  by t h e  above method i s  
n o t  u s e f u l  f o r  planning t h e  long-range capac i t y  expansion where t h e  
capac i t y  o f  t h e  system i n  each pe r i od  is an undetermined dec i s i on  v a r i -  
a b l e .  S p e c i f i c  in format ion  needed f o r  t h e  investment  a n a l y s t  i n  t h i s .  
case  i s  t h e  ope ra t i ng  c o s t  g iven a s  a  f unc t i on  o f  c a p a c i t y  and u t i l i z a -  
t i o n  r a t e .  Such in format ion ,  however, i s  n o t  a v a i l a b l e  i n  t h e  e x i s t i n g  
l i t e r a t u r e .  
Since a concre te  c o s t  f unc t i on  i s  e s s e n t i a l  f o r  computing numerical  
examples wi th  t h e  fo rmula t ion  subsequent ly  developed, t h i s  i n v e s t i g a t o r  
ha s  de r i ved  a t e n t a t i v e  c o s t  f unc t i on  f o r  s u r f a c e  water  t rea tment  from 
Koenig's c o s t  d a t a  l i s t e d  i n  Table 2. The d e t a i l s  of  t h i s  d e r i v a t i o n  i s  
d i s cus sed  i n  Appendix I. The de r i ved  func t i on  r e p r e s e n t i n g  t h e  t o t a l  
annua l  o p e r a t i n g  c o s t  is given by t h e  fo l lowing  H (K, u) f o r  a  p l a n t  
P 
'w i t h  c apac i t y  K(mgd) opera ted  a t  u t i l i z a t i o n  r a t e  u(O l u  2 1): 
This  t o t a l  ope ra t i ng  c o s t  i s  composed o f  t h e  f i x e d  and v a r i a b l e  p a r t s .  
The f i x e d  p a r t  is  i ncu r r ed  r e g a r d l e s s  of  t h e  r a t e  of u t i l i z a t i o n  and can 
be determined by r e p l a c i n g  u  i n  (10)  wi th  0. The d i f f e r e n c e  between 
Yp(K, u )  and t h e  f i x e d  c o s t  t h u s  determined r e p r e s e n t s  t h e  t o t a l  v a r i a b l e  
co s t .  Then t h e  annual  f i x e d  and v a r i a b l e  c o s t s  of t h e  sur face-wate r  
t r e a tmen t  p l a n t  wi th  c apac i t y  K (mgd) opera ted  a t  u  a r e  given by t h e  
fo l lowing  F (k) and G (k, u ) :  
P  P 
The I l l i n o i s  S t a t e  Water Survey r epo r t ed  t h e  c o s t  of  ground water  
t rea tment  based on d a t a  from 58 p l a n t s  l oca t ed  i n  I l l i n o i s  [16, Tech. 
L e t t e r  111. These d a t a  were ad jus t ed  t o  1364 p r i c e  l e v e l s ,  and add i t i ons  
were made f o r  engineer ing,  l e g a l ,  admin i s t r a t i ve ,  and overhead c o s t s  
p lu s  i n t e r e s t  dur ing  cons t ruc t ion .  Then ISWS obtained t h e  fol lowing 
r eg re s s ion  o f  investment cos t s  on p l a n t  capac i ty  with 33.5 a s  t h e  
percentage measure of d i spe r s ion  by t h e  s tandard  e r r o r  of  e s t ima te :  
(12)  E = 115K 0.63 i n  $1000 
Pg 
where E is t h e  p l a n t  c o s t  and K is capac i ty  i n  mgd. 
Pg 
Becuase of i t s l o w  degree of impuri ty ,  ground water  gene ra l l y  r e q u i r e s  
much less work, and the re fo re  c o s t ,  i n  t rea tment  than  su r f ace  water ,  
Unfortunately we have found no publ ished s t u d i e s  t h a t  g ive  opera t ing  c o s t s  
of t h e  ground water  t rea tment  p l a n t  a s  d e t a i l e d  a s  those  repor ted  by Koenig 
1 
on the  su r f ace  water  t rea tment  p l an t .  
ISWS repo r t ed  t h e  t o t a l  t rea tment  c o s t s  o f  t h e  two types  of p l a n t s  
i n  which t h e  c a p i t a l  c o s t  of  t h e  p l a n t  t a k e s  up an i d e n t i c a l  p ropor t ion  of 
t h e  t o t a l  cos t .  Assuming t h i s  s i t u a t i o n  g e n e r a l l y  e x i a t e ,  we in t roduee  
a  c o e f f i c i e n t ,  6 ,  t o  cover t  var ious  opera t ing  c o s t s  of t h e  su r f ace  water  
p l a n t  t o  those  of  t h e  ground water p l an t .  Then t h e  annual t o t a l ,  f i xed  and 
v a r i a b l e  c o s t s  of opera t ing  t h e  ground water  p l a n t  a r e  given by t h e  fol lowing 
I i i ( K ) ,  Fi(K), and G1(K) based on those c o s t s  of  t h e  su r f ace  water  p l a n t  
P 
i n  (10)-(11):  
(13)  HL(K) = 6 ~ 5 . 0 6 ~ ~ ' " ( l - u )  + 34.79K 0.63 u 1 
The convers ion c o e f f i c i e n t  6 may be e s t ima t ed  from t h e  c a p i t a l  
c o s t  f u n c t i o n s  of  t h e  s u r f a c e  wate r  and ground wate r  p l a n t s  p r ev ious ly  
ob t a ined  i n  ( 9 )  and (12)  a s  fo l lows :  
Cost of  D i s t r i b u t i o n  S torage  
-- 
Through t h e  d i s t r i b u t i o n  main, t r e a t e d  wate r  pumped o u t  o f  t h e  p l a n t  
r e aches  t h e  community where it is  consumed f o r  immediate use  dur ing  t h e  peak 
demand pe r i od ,  During t h e  s l a c k  pe r i od ,  however, t h e  excess  c apac i t y  o f  t h e  
t r e a tmen t  p l a n t  over  t h e  immediate demand is  used t o  supply wa t e r  f o r  d i s -  
t r i b u t i o n  s t o r a g e ;  s u r p l u s  water  thus  d e l i v e r e d  i s  pumped i n t o  d i s t r i b u t i o n  
r e s e r v o i r s .  Two types  o f  r e s e r v o i r s  a r e  commonly used f o r  t h i s  purpose: 
t h e  e l e v a t e d  tank and t h e  ground-level  r e s e r v o i r ,  Once s t o r e d  i n  d i s t r i -  
bu t i on  r e s e r v o i r ,  wa te r  can be used t o  e q u a l i z e  t h e  d i sc repancy  between t h e  
demand and t h e  d i r e c t  supply from t r ea tmen t  p l a n t s  dur ing  t h e  pe r i ods  of  
peak demand o r  emergency needs such as f i r e  f i g h t i n g .  Water reaches  t h e  
p o i n t  o f  use by g r a v i t a t i o n ,  i f  it is s t o r e d  i n  an "e leva ted  tank",  o r  by 
b o o s t e r  pumping, i f  it is  s t o r e d  i n  a ground-level  r e s e r v o i r .  
Economies of s c a l e  should a f f e c t  t h e  investment  dec i s i on  on s e l e c t i n g  a 
r e s e r v o i r ,  whether  of t h e  e l e v a t e d  t ype  o r  o f  t h e  ground-level  type .  L i t e r a t u r e  
on t h e  c a p i t a l  and o p e r a t i n g  c o s t s  o f  d i s t r i b u t i o n  s t o r a g e  is  extremely s ca r ce .  
I n  absence of o t h e r  d a t a  on hand, the l i n e a r  c o s t  f u n c t i o n  r epo r t ed  by Keech 1 
[20, p. 1051 is conver ted t o  a concave func t i on  i n  o r d e r  t o  g i v e  a s c a l e  
' ~ e e c h ' s  d a t a  a r e  used s t r i c t l y  f o r  an i l l u s t r a t i v e  purpose,  because t h e y  
a r e  r epo r t ed  wi thout  d e t a i l e d  in format ion  s u b s t a n t i a t i n g  t h e i r  r e l i a b i l i t y .  
c f C e c t  i n  t h e  c a p i t a l  c o s t .  T h i s  is done  n o t  $ o r  improv ing  t h e  g i v e n  c o s t  
l u n c t i o n ,  b u t  f o r  c r e a t i n g  a  p l a u s i b l e  f u n c t i o n  t o  be  u sed  i n  t h e  n u m e r i c a l  
example d i s c u s s e d  la ter .  F i r s t ,  two c a p i t a l  c o s t s  a r e  o b t a i n e d  a t  b o t h  
e n d s  of  e a c h  of  t h e  s t r a i g h t  l i n e s  g i v e n  b y  Keech f o r  t h e  e l e v a t e d  t a n k  and  
t h e  g r o u n d - l e v e l  r e s e r v o i r .  These  c o s t s  a r e  c o n v e r t e d  from t h e  1961  p r i c e  
l e v e l  u s e d  by  him t o  t h e  1954 p r i c e  l e v e l  b y  Handy-Whitman I n d e x  t o  b e  
c , o n p a t i b l e  w i t h  t h e  c o s t s  02 w a t e r  t r e a t m e n t  p r e v i o u s l y  p r e s e n t e d .  U s i n g  
t h e  c o n v e r t e d  p r i c e s ,  t h e  f o l l o w i n g  c o s t s  f u n c t i o n s  are o b t a i n e d :  
( 1 9 3 . 7 ~ * ~ * ~  (the elevated tank) 
(16) = 1 2 8 . 1 9 ~ .  i 751 ( t h e  g r o u n d - l e v e l  s t e e l  r e s e r v o i r  w i t h  a pumping 
s t a t i o n )  
i n  $1 ,000  
where  K i s  t h e  c a p a c i t y  o f  t h e  s t o r a g e  u n i t  i n  mg. 
The t o t a l  o p e r a t i n g  c o s t  o f  d i s t r i b u t i o n  s t o r a g e  c o v e r s  pumping, p a i n t i n g  
and m a i n t e n a n c e .  The c o s t  o f  pumping i s  a f u n c t i o n  o f  t h e  volume o f  w a t e r  
pumped i n  o r  o u t  of s t o r a g e ,  w h i l e  t h e  c o s t s  o f  p a i n t i n g  and m a i n t e n a n c e  are 
1 
r e l a t i v e l y  l i x e d  e x p e n d i t u r e s .  The I l l i n o i s  S t a t e  Wate r  Su rvey  e s t i m a t e d  
t h e  c o s t  o f  pumping w a t e r  t o  b e  
(I7) Cpump = 31.4  c /Eo p e r  1 ,000  g a l l o n s / 1 0 0  It. 
where c is  $ p e r  ICw-hr and E i s  t h e  w i r e - w a t e r  e t f i c i e n c y  i n  p e r c e n t .  
0 
The a n n u a l  c o s t s  o f  p a i n t i n g  and m a i n t e n a n c e  may b e  c o n s i d e r e d  as f i x e d  
c o s t s .  U s i n g  t h e  method er i~ployed i n  obtaining the capital  costs  i n  (dl, 
t h o s e  f i x e d  c o s t s  g i v e n  by Keech i n  s t r a i g h t  l i n e s  a r e  c o n v e r t e d  t o  t h e  Eol -  
l o w i n s  concave  f u n c t i o n s  showing economies  02 s c a l e :  
l ~ h e  I l l i n o i s  S t a t e  M a t e r  S u r v e y ,  T e c h n i c a l  b e t t e r  9 ,  -- C o s t  o f  Pumping Water -3 
J u l y  1961. 

C h a p t e r  3 
PONVIULATION CF PROBLEhl 
P r e l i m i n a r y  Cond i t i ons -  
The d e t e r m i n a t i o n  of a [ ~ l a n n i n g  p e r i o d  f o r  an i n v e s t m e n t  p r o j e c t  
w i t h o u t  a s p e c i f i c  l i f e  i s  one o f  t h e  annoy ing  problems t h a t  f a c e  t h e  
c a y i t a l  i n v e s t m e n t  a n a l y s t .  
An a r b i t r a r y  f i n i t e  p e r i o d  migh t  g r e a t l y  i n I l u c n c e  t h e  r e s u l t  o f  t h e  
a n a l y s i s ,  b e c a u s e  i t  i m p l i c i t l y  assumes t h a t  t h e  p r o j e c t  a t  t h e  end of  i t s  
l i l e  w i l l  b e  succeeded  by i n v e s t m e n t  e a r n i n g  i n t e r e s t  a t  t h e  r a t e  u sed  f o r  
d i s c o u n t i n g .  To a v o i d  t h i s  d i f f i c u l t y ,  some a u t h o r s  s u g ~ e s t e d  t o  u s e  an  
i n t i n i t e  t i m e  h o r i z o n  and  t o  i n s t a l l  an  i n f i n i t e  s e r i e s  oP e i t h e r  i d e n t i c a l  
Z a c i l i t i e s  o r  f a c i l i t i e s  whose c a p a c i t i e s  change  i n  s y s t e m a t i c  manner,  
assur.iin:, t h a t  a l l  c o n d i t i o n s  a r e  e i t h e r  s t a t i o n a r y  o r  o t h e r w i s e  t h e y  change  
w i t h  time i n  w e l l  behaved  wanner.' A l though  t h i s  s t u d y  a d o p t s  t h e  c o n c e p t  
of  a permanent  c h a i n  of  i d e n t i c a l  f a c i l i t i e s ,  i t  u s e s  a f i n i t e  p e r i o d  f o r  
i n i t i a t i n g  s u c h  c h a i n s .  
S p e c i f i c a l l y ,  t h e  s t u d y  c o v e r s  a  f i n i t e  p e r i o d  of  T  y e a r s  f o r  p l a n n i n g  
t h e  c a p a c i t y  e x p a n s i o n  of an  e x i s t i n g  water t r e a t m e n t - d i s t r i b u t i o n  sys ten l  
t o  s a t i s f y  i n c r e a s i n g  demands f o r  w a t e r .  T h i s  p e r i o d  may b e  c o n s i d e r e d  
e i t h e r  a s  t h e  maximum l e n g t h  o f  time f o r  which  demand c a n  b e  f o r e c a s t  w i t h  
r e a s o n a b l e  a c c u r a c y  o r  a s  t h e  p e r i o d  of i n c r e a s i n g  demand beyond which  
demand will become s t a t i o n a r y ,  The f a c i l i t i e s  i n s t a l l e d  b e f o r e  t h e  end of  
t h e  p e r i o d  w i l l  b e  r e p l a c e d  a t  t h e  e n d s  o f  t h e i r  optimum l i v e s  by p e r -  
manent c h a i n s  of i d e n t i c a l  f a c i l i t i e s .  
The peak p e r i o d  i n  e a c h  day  c a n  b e  s e p a r a t e d  c l e a r l y  from t h e  r e s t  o f  
t h e  day  b e c a u s e  of  a  s t e e p  a s c e n t  i n  demand i n  t h e  morning and of  a  s t c e p  
I One o f  t h e  f irst  a u t h o r s  t o  s u g g e s t  a permanent  c h a i n  o f  f a c i l i t i e s  is  G.A.D.  
P r e i n r e i c h t  "Economic L i f e  o f  I n d u s t r i a l  Equipment ,"  Cconomet r i ca ,8 ,  1 2  
( J u l y  1 9 4 0 ) ,  p. 12-44. 
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d e s c e n t  i n  t h e  e v e n i n g ,  a s  i s  o b s e r v e d  i n  F i g u r e  I. F o r  t h e  pu rpose  of  
a n a l y s i s ,  demands i n  e a c h  day  a r e  d i v i d e d  be tween t h e  peak and  s l a c k  p e r i o d s  
o f  c o n s t a n t  r e q u i r e m e n t s .  F u r t h e r ,  follow in^ a common p r a c t i c e ,  t h e  sys t em 
i s  t n  o p e r a t e  a t  a c o n s t a n t  r a t e  t h r o u g h o u t  t h e  day .  I n  F i g u r e  3, q and q 1 2 
show t h e  c o n s t a n t  demand r a t e s  i n  t h e  s l a c k  and peak p e r i o d s  of  a  t y p i c a l  
aay ;  t h e  c o n s t a n t  r a t e  o f p l a n t  o p e r a t i o n  i s  given by  q  and p o i n t s  1 and 3 ' 1 
1 show t h e  s t a r t  and cnd o; t h e  peak p e r i o d ,  r c s 2 e c i t v c l y .  T h e  above  d i i -  2 
l e r e n c e  be tween t h e  der,~and and s u p p l y  r a t e s  i n  t h e  c o u r s e  of  a  day c r e a t e s  
a v a r i a b l e  amount of w a t e r  s t o r e d  i n  d i s t r i b u t i o n  s t o r a g e ,  which i s  shown by a 
broken l i n ~ .  It i s  c o n v e n i e n t  t o  r e g a r d  t h e  end of  t f ~ c  peak p e r i o d ,  o r  
: j o in t  h .  i n  F i g u r e  3,  a s  t h e  s t a r t  o f  t h e  d a i l y  c y c l e .  Because  of  t h e  ex -  0 
c e s s  puvping  r a t e  o v e r  t h e  denand r a t e  d u r i n g  t h e  slat!.: p e r i o d ,  t h e  volume 
o f  pra te r  i n  s t o r a g e  s t e a d i l y  i n c r e a s e s  w i t h  t i n e  L'ror.1 v  a t  t i m e  h  i t  
1 8' 
4 
i -cnc t~cs  t h e  naxinum vcl.u-:e v ,  a t  t i m e  h l ,  t . : ~  be : I  . ~ ; I L , I , ,  Q L  t h e  peak p e r i o d ;  
f .  
and t h e n  i t  d i m i n i s h e s  c o n t i n u o u s l y  d u r i n g  t h e  peak p e r i o d  and g o e s  down t o  
t h e  minimum volume v  a g a i n  a t  t i m e  h  t h e  end of  t h e  peak p e r i o d ,  t h u s  1 2 ' 
c o m p l e t i n g  one  c y c l e .  The minimum volume v  s h o u l d  a t  l e a s t  s a t i s f y  t h e  1 
f i r e  E i g h t i n g  r e q u i r e m e n t s .  
The f i r s t  t a s k  i s  t o  d e t e r m i n e  t h e  e x p e c t e d  a v e r a g e  a n n u a l  demand 6 
t 
- 
mgd, t h e  e x p e c t e d  maximum d a i l y  demand Q mgd, t h e  f i r e  f l o w  Q9: mg (mxcl y) t t 
t h  
by u s i n g  (I), (2) , and (8) ,  o r  some o t h e r  methods f o r  t h e  t y e a r  ( t  = 1, 
... 
, T ) .  The sys t em w i l l  b e  d e s i g n e d  t o  s a t i s f y  t h e  A I A  recommendations 
[ N B F U ,  p. 16  ] s p e c i f y i n g  t h a t  t h e  d a i l y  d e l i v e r y  c a p a b i l i t y  s h o u l d  s a t i s f y  
Q p l u s  t h e  s p e c i f i e d  maximum demand Q b e i n g  e q u a l  t o  6 t t (mxdy) t o r  1.5 ?$ t 
whichever is  larger  : 
- (19 ) Qt - max q rnxdy)  , ~ 5 b )  i n  mgd 
Demand beyond t h e  T-year per iod  is assumed t o  s t a y  equa l  t o  QT: 
Or ig ina l  Formulation 
The e x i s t i n g  capac i ty  of  water t rea tment  is X mgd and t h a t  of d i s t r i b u t i o n  
0 
s to rage  i s  Y mg. Decision v a r i a b l e s  i n  t h i s  a n a l y s i s  a r e  X and Y denot ing 
0 t t 
t h e  c a p a c i t i e s  of  a  p l a n t  and r e s e r v o i r  i n s t a l l e d  a t  t h e  beginning o f  t h e  
tth year .  Since no dis investment  of  i n s t a l l e d  f a c i l i t i e s  is  considered,  
t h e  dec i s ion  v a r i a b l e s  should t a k e  non-negative values .  
i 
I t  is  expected t h a t  t h e  sum of t h e  r a t e d  c a p a c i t i e s  of t he  p l a n t s  i n  
t h e  system should s a t i s f y  a t  l e a s t  t h e  s p e c i f i e d  maximum demand Qtwi th  t h e  
coe f f i cakn t  o f  boos t e r  pumping 9 :  
S imi l a r ly ,  t h e  t o t a l  s t o r age  capac i ty  of t h e  r e s e r v o i r s  i n  t h e  system 
should n o t  be l e s s  than t h e  volume of water req-uired f o r  both t h e  f i r e  
f i g h t i n k  and t h e  peak-period e q u i l i z a t i o n  on t h e  maximum demand day. This  
is given by t h e  fol lowing c o n s t r a i n t :  
where a and B a r e  f r a c t i o n a l  r a t i o s  r ep re sen t ing  t h e  length  of  t ime i n  
t h e  peak demand per iod  over  t h e  day and t h e  requirement i n  t h i s  pe r iod  
over  t h e  t o t a l  requirement of  t h e  maximum day, Qto 
The parameter $I is introduced t o  c lo se  t h e  gap between theory  and 
p r a c t i c e .  Design formulas f o r  p l a n t  capac i ty  normally suggested i n  
textbooks a r e  based on t h e  maximum-day demand and f i r e - f i g h t i n g  requirements.  
However, it seems i n  a c t u a l  p r a c t i c e  t h a t  t h e  capac i ty  is  determined on 
a  more conservat ive b a s i s  such a s  t h e  average demand i n  a  peak season,  
o r  t h a t  t h e  p l a n t  output  r a t e  is boosted above t h e  r a t e d  capac i ty ,  by a s  
much a s  40% i n  some cases ,  when t h e  requirements  a r e  excep t iona l ly  
high. The capac i ty  determined by var ious  des icn  formulas i s  aimed a t  
a s su r ing  a high q u a l i t y  of t h e  t r e a t e d  water  a t  a l l  t imes. Such a  
' q u a l i t y ,  with a  pos s ib l e  except ion of c h l o r i d a t i o n ,  may have t o  be 
s a c r i f i c e d  a t  t imes  of exception all^ b i g  demand i f  t h e  p l a n t  has t o  be 
boosted much h igher  than i ts  r a t e d  capac i ty  over  a  long dura t ion .  
The e q u a l i t y  of  c o n s t r a i n t  (22) holds a t  t h e  time when t h e  t o t a l  
requirement r e q u i r e s  t h e  opera t ion  of a l l  t h e  p l a n t  a t  f u l l  capac i ty .  For 
demand l e s s  t han  t h a t  amount, t h e  p l a n t s  need not  t o  opera te  a t  capac i ty  
l e v e l s ,  I n  t h i s  s i t u a t i o n ,  i f  t he  p l a n t s  a r e  t o  opera te  a t  cons tan t  
r a t e s  throughout t h e  day, t h e  volume of water  r equ i r ed  f o r  e q u i l i z a t i o n  
i n  t h e  peak per iod  i s  (y-a)B mg on a  t y p i c a l  day where y is t h e  f r a c t i o n  t 
of t h e  day 's  demand r equ i r ed  during t h e  peak per iod ,  I f  a  major f i r e  
breaks  ou t  on such a  day and t h e  f i r e - f i g h t i n g  requirement Q* must be t 
s a t i s f i e d  over  t h e  per iod of 10 hours a s  s p e c i f i e d  by A I A ,  it is necessary 
t o  i nc rease  t h e  output  r a t e s  of t h e  p l a n t s  t o  t h e i r  maximum l e v e l s ,  If 
any a d d i t i o n a l  supply is necessary t o  meet (I:, it must come from t h e  
r e s e r v o i r s .  Therefore ,  t h e  fol lowing c o n s t r a i n t  on t h e  s to rage  capac i ty  
must be s a t i s f i e d :  
This  c o n s t r a i n t  t ends  t o  r e q u i r e  a  l a r g e r  r e s e r v o i r  capac i ty  t han  t h a t  
r equ i r ed  by ( 2 2 )  i n  those years  when t h e  p l a n t s  i n  t h e  system a r e  no t  
f u l l y  used. 
F i n a l l y ,  a t  a  cons tan t  v a t e  of opera t ion ,  t h e  capac i ty  of d i s t r i b u t i o n  
s t ~ r a g e  must s a t i s f y  a t  l e a s t  t he  volume r equ i r ed  f o r  equa l i za t i on  during 
t h e  peak per iod  on an average day, This i s  w r i t t e n  t o  
Cost Functions 
The ob jec t ive  of t h i s  plan i s  t o  minimize t h e  sum of  t he  presen t  value of 
t h e  c a p i t a l  and opera t ing  c o s t s  of t reatment  p l a n t s  and d i s t r i b u t i o n  r e s e r v o i r s ,  
discounted a t  a  given i n t e r e s t  r a t e .  Since demands must be s a t i s f i e d ,  t h i s  
cos t  minimization is  i d e n t i c a l  with the  maximization of t h e  p re sen t  value 
of a  stream of f u t u r e  n e t  revenues,  The t o t a l  c o s t  i s  given by 
C C C 1 C 
PC S C PO 1 S 0 
C = Cap i t a l  Costs t Cap i t a l  Costs + Operating Costs ' t Operating Costs 
t o t  
of p l a n t s  of r e s e r v o i r s  of p l a n t s  of r e s e r v o i r s  
Bv assumption, f a c i l i t i e s  inves ted  during t h e  f i n i t e  planning per iod i n i t i a t e  
i n f i n i t e  chains of  f a c i l i t i e s  extending beyond t h e  per iod.  The f a c i l i t i e s  i n  each chain 
being i d e n t i c a l ,  t h e i r  c a p i t a l  c o s t s  amortized over t h e i r  l i v e s  form a permanent 
s e r i e s  of an i d e n t i c a l  cos t .  The c a p i t a l  c o s t s  of  a  p l a n t  with capac i ty  X 
mgd and a  r e s e r v o i r  with capac i ty  Y mg a r e  given by E (XI and E (Y) i n  
P s 
$1000. Then the  presen t  values  of  t h e  c a p i t a l  c o s t s  of a l l  p l a n t s  and 
r e s e r v o i r s  i n  t he  permanent chains  i n i t i a t e d  during the  planning per iod  
a r e  given by t h e  fol lowing C and C r e spec t ive ly :  
PC: S G '  
where R is  t h e  d i scount  r a t e ,  a  and b a r e  t h e  amort izat ion f a c t o r s  f o r  
p l a n t s  and r e s e r v o i r s ,  t h e  f i r s t  term i n  t h e  denominator is  f o r  d i scount ing  
t h e  c o s t s  t o  t h e  p r e s e n t ,  and the  second term is  t o  convert  t h e  numerator t o  
t h e  discounted value of a  permanent s e r i e s  of annual c o s t s  i d e n t i c a l  with 
t h i s  numerator. In  Eqs. (25)  and (261, t h e  c a p i t a l  c o s t s  of f a c i l i t i e s  
succeeding t h e  e x i s t i n g  ones a r e  not included s i n c e  they a r e  not  p a r t  o f  t h e  
dec i s ion  made i n  t h i s  study. 
The annual ope ra t ing  cos t  of a  t rea tment  p l a n t  i s  composed of  t he  
f i x e d  c o s t  and t o t a l  v a r i a b l e  cos t  and charged a t  t h e  middle of  t h a t  year .  
The annual  f i x e d  c o s t  of a p l a n t  with capac i ty  X is denoted by F (XI, and P 
t h e  annual  v a r i a b l e  cos t  a t  capac i ty  opera t ion  is denoted by Gp ! X I .  To 
s i m p l i f y  t h e  model, t h e  e x i s t i n g  system is assumed t o  have one t rea tment  p l a n t  
wi th  capac i ty  X . Demand f o r  water  on an average day is f i r s t  a l l o c a t e d  t o  
0 
new p l a n t s  and then  any remaining requirement is a l l o c a t e d  t o  t h e  e x i s t i n g  
p l a n t .  Therefore,  t h e  new p l a n t s  a r e  usua l ly  kep t  busy,  while  t h e  e x i s t i n g  
, 
p l a n t  may have s l a c k  capaci ty.  Then t h e  p re sen t  value of  t h e  t o t a l  ope ra t ing  
c o s t s  o f  t h e  permanent chains of p l a n t s  i n . t h e  system is given by t h e  
fo l lowing  C 
PO' 
where t h e  first term is t h e  p re sen t  value of t h e  ope ra t ing  c o s t s  of t h e  
e x i s t i n g  p l a n t  and i t s  succes so r s ,  t h e  second term r e p r e s e n t s  t h e  p re sen t  
va lue  o f  t h e  t o t a l  opera t ing  c o s t s  f o r  t h e  chains i n i t i a t e d  by f a c i l i t i e s  
i n s t a l l e d  dur ing  t h e  pe r iod ,  t h e  t h i r d  term g ives  downward adjustments  i n  
t h e  val- iable  ope ra t i ng  c n s t s  due t o  slack. capac i ty  con.puted a t  G (X )/Xo P 0 
r e p r e s e n t i n g  t h e  u n i t  v a r i a b l e  ope ra t i ng  cos t  f o r  t h e  c x i s t i n g  p l a n t ,  and 
t h e  f o u r t h  term is downward adjustments i n  t h e  v a r i a b l e  ope ra t i ng  c o s t s  
f o r  y e a r s  beyond t h e  f i n i t e  pe r iod ,  
I t  i s  assumed t h a t  water  r equ i r ed  f o r  equa l i za t i on  durj.ng t h e  peak 
pe r iod  on an average day is s t o r e d  i n  t he  r e s e r v o i r s  i n  pvoportion t o  
t h e i r  s t o r a g e  c a p a c i t i e s ,  and t h a t  t h e  system has  only one e x i s t i n g  r>eservoi r  
wi th  capac i ty  Y a t  t h e  o u t s e t ,  The f i xed  and v a r i a b l e  ope ra t i ng  c o s t s  of 
0 
a r e s e r v o i r  with capac i ty  Y is  denoted by Fs(Y) and Gs(Y), The p r e s e n t  
va lue  of  t h e  t o t a l  ope ra t i ng  c o s t s  of t h e  permanent cha ins  of r e s e r v o i r s  
a r e  given by t h e  fol lowing C : 
S 0 
( Y-a 1% ' i=o Gs(yi) 
t 1 ( l t ~ ) ~ ~ l / ~ ( l -  -) 1 + ~  
' i = O  Y i 
where a and B a r e  c o e f f i c i e n t s  r ep re sen t ing  t h e  t ime and demand belonging 
t o  t h e  peak pe r iod  a s  f r a c t i o n s  of  t h e  t ime and demand on an average 
day of t h e  year .  Thus (y-u)bt g ives  t h e  volume o f  water  supp l i ed  from 
1 r e s e r v o i r s  during t h e  peak per iod  when t h e  system t r e a t s  water  a t  a  cons t an t  
\ 4 
r a t e  throughout  t h e  day. I n  Eq. (281 ,  t h e  f i r s t  t e r n  is t h e  f i x e d  ope ra t i ng  
c o s t s  of  t h e  e x i s t i n g  r e s e r v o i r  and i t s  successors ,  t h e  term on t h e  l e f t h a n d  
s i d e  i n  t he  b ~ a c e s  is tho f ixed opera t inE c o s t s  o f  t h e  r a s e r v o i r s  i n s t a l l e d  
d u r i n g  t h e  planning per iod  and t h e i r  successors ,  t h e  term on t h e  ri::hthand 
s i d e  i n  t h e  b races  is t h e  v a r i a b l e  opera t ing  c o s t s  incur red  during tl,e ?e r iod ,  
and  t h e  t h i r d  term is t h e  val \ iable  opera t ing  c.osts f o r  yea r s  beyond. t he  
p l ann ing  period.  
The t o t a l  c o s t  of t h e  dec is ion  on an expansion plan i s  the, sun of 
t h e  c a p i t a l  c o s t s  C and CsC and t h e  t o t a l  ope ra t ing  c o s t s  C an6 C 
PC PO s o  ' 
given  by (25) - (28) .  The va r i ab l e  opera t ing  cos t  of a r e s e r v o i r  i. mot t ly  
f o r  pumpirlg and very c l o s e  t o  a  l i n e a r  func t ion  of  pumpage r ega rde i  a l m ~ s t  
independent of t h e  capac i ty  of t h e  r e se rvo i r .  Thus t h e  t o t a l  c o s t  is 
g iven  by 
where 
a n d D  i s  t h e  c o s t s  independent of t he  dec i s ion ,  given by the following: 
where 
This  d  r e p r e s e n t s  t h e  average, v a r i a b l e  opera t ing  c o s t  p e r  mg of a l l  t h e  
r e s e r v o i r s  i n  t h e  system. Assuming t h e  main p a r t  of t h e  v a r i a b l e  c o s t  is due 
t o  pumpage, i n  t h e  subsequent  numerical example d is rep laced  by t h e  cos t  
of pur;..?ing given by ,(17). 
I n  t h e  t o t a l  c o s t  Ctot i n  (291, a l l  i n d i v i d u a l  c o s t s  a r e  non- l inear  
func t ions  o f  capac i ty ;  s p e c i f i c a l l y  t h e y  are given concave exponent ia l  
forms t o  p rope r ly  r e f l e c t  economies o f  s ca l e .  The non-l inear  forms of t h e s e  
func t ions  make them unacceptable  f o r  l i n e a r  programming and w i l l  be converted 
t o  acceptab le  forms. 
Linear  Program 
A non l inea r  p r o b b m  can be t r a n s l a t e d  t o  a  l i n e a r  program, i f  a l l  
non l inea r  func t ions  can be represented  by sepa ra t e  func t ions  involv ing  a  
s i n g l e  va r i ab l e .  An a p t i m a l  so lu t ion  t o  t h e  l i n e a r  program approximates 
an opt imsl  s o l u t i o n  to t h e  o r i g i n a l  non l inea r  problem, I n  par;. i c u l a r ,  
Q 
ei k- 0 
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i f  a l l  non l inea r  func t ions  s a t i s f y  e i t h e r  concave o r  convex p r o p e r t i e s ,  
t h e  s o l u t i o n  f o r  t h e  l i n e a r  program r e p r e s e n t s  t h e  g l o b a l  optimum; o therwise ,  
t h e  s o l u t i o n  normally r ep re sen t s  a  l o c a l  optimum. For t h e  t ransformat ion  
of  a  non l inea r  func t ion  t o  a  l i n e a r  func t ion ,  two methods a r e  f r equen t ly  
1 
mentioned i r i  l i t e r a t u r e  : One is t h e  cummulative g rad i en t  method and t h e  
o t h e r  i s  t h e  method us ing  t h e  i n t e r p o l a t i o n  o f  s p e c i f i c  values  of  t h e  
func t ion .  The l a t t e r  method is used t o  formulate  t h e  p re sen t  problem. 
F i r s t ,  t h e  cap i t a l - cos t  func t ion  f o r  t h e  p l a n t  is transformed t o  a  
f u n c t i o n a l  of l i n e a r  func t ions  with a  s i n g l e  va r i ab l e .  Tor t h i s ,  a  range 
of  capac i ty  f o r  pos s ib l e  i n t e r e s t  i s  d iv ided  i n t o  m i n t e r v a l s  g iv ing  a 
des i r ed  l e v e l  of approximation. S p e c i f i c  values  of  capac i ty  d iv id ing  
t h e  range a r e  K (k=O, 1, . . . , m), a s  i s  shown i n  Figure 4 .  Variable  X t  
pk 
is now transformed t o  a  s e t  o f  v a r i a b l e s  x  a s soc i a t ed  with K i n  t h e  t k  pk 
fdl lowing way : 
where 
The c a p i t a l  c o s t ,  E (X 1, and t h e  f i x e d  ope ra t i ng  c o s t ,  . F (X 1, a r e  now 
P  t P t 
rep laced  by t h e  fol lowing approximations us ing  v a r i a b l e s  xtk: 
'see f o r  example, Charnes and Cooper (p .  348-406). Uantzig (p.  482-4901. 
Hadley (10,  p. 104-147), Mi l l e r  (p .  89-100) i n  Graves and Wolfe, o r  Dorfman, 
e t .  a l .  (p.  497-508). 
A 
(35)  m F (Xt) = Z k z 0  fpkxtk P 
i. 
(36 1 m G (X ) = Ikz0 gpk Xtk P t 
where 
e = L ( K  ) 
pk P pk 
f = F ( K )  
pk P pk 
g ~ k  
= G ( K )  
p Pp 
For i l l u s t r a t i o n ,  F igure4  shows the  r e l a t i o n s h i p  between K and e 
pk pk ' 
~t is hoped t h a t  an optimal value of Xt i s  given by a convex combination 
of two adjacent  x ' s .wi th  zeros given t o  t h e  pes t  o f  x 's. t k  t k  However, 
t h i s  is not  guaranteed by c o n s t r a i n t s  (31 )  and (33)  alone,  To obta in  a 
' 
des i r ed  r e s u l t ,  it i s  necessary t o  enforce always only two adjacent  v a r i a b l e s  
t o  s t a y  i n  the  b a s i s  of  t h e  symplex computation o f  l i n e a r  programming. 
Reservoir-capaci ty va r i ab l e  Y l i k e  p lan t -capac i ty  va r i ab l e  X i s  t t 
rep laced  by a s e t  o f  v a r i a b l e s  y (k = 1, , , . , n a s soc i a t ed  with re ference  t k  
capac i ty  K 
sk '  
where 
Using r e f e r ence  capacTties  K t h e  c a p i t a l  c o s t  ES(Y ) and t h e  f i x e d  
sk  s t 
ope ra t i ng  cos t  F (Y ) of t h e  r e s e r v o i r  a r e  approximated by 
s f  t 
n (39)  E s ( ~ t )  = zk=O esk Y t k  t = 1, . . e s  T 
where 
e sk  = Es(Ksk) 
Thus, t h e  non l inea r  c o s t  func t ions  i n  X and Y have been t ransformed t t 
t o  l i n e a r  c o s t  func t ions  i n  x and y t k  t k  I t  is now p o s s i b l e  t o  present a 
, l i n e a r  program approximating t h e  o r i g i n a l  problem. The o b j e c t i v e  func t ion  
r e p r e s e n t i n g  t h e  t o t a l  c o s t  i n  (29)  is r e w r i t t e n  t o  t h e  fol lowing func t ion  
wi th  Xtk and ytk r ep l ac ing  Xt and Yt:  
where D is  given ;.n (30), and t h e  above Ctot is s u b j e c t  t o  
Simi la r ly ,  the  cons t ra in t s  (21)- (24 ar e r ewr i t t en  t o  the  following 
i (44) - (47) i n  x tkTs  and y t k f s :  
! (45) Lj=l(+aLk=O t m Kpk xjk + IkZ0 n Ksk yjk) 
! 
I 
2 %  + 8Qt - @axo - Yo t = 1, e.. ,  T 
i 
I 
,I Thus, t h e  t ransformat ion  of the  o r i g i n a l  nonl inear  problem t o  a l i n e a r  
i program has been completed. The objec t ive  of t h i s  l i n e a r  program is t o  
minimize t h e  t o t a l  c o s t  C i n  (41) under t he  s e t  of cons t ra in t s  (42)-(47).  t o t  
Using optimal va lues  of x t k and ytk obtained f o r  t h e  above l i n e a r  program, i 
values of o r i g i n a l  v a r i a b l e s  X and Y are  obtained through transformations 
i t t 
i 3 1  and 7 .  These X t and Y t i n  tu rn  give an approximation t o  an optimal 
\ so lu t ion  of t h e  o r i g i n a l  problem. This l i n e a r  program contains 2T independent 
< d 
var iables ,  T var iab les  of Xt and T var iables  of  Yt,  each being transformed t o  
1 a unique s e t  of secondary var iables  representing a polyzon. A so lu t ion  t o  a 1' 
l i n e a r  nrogr-an-such as t h i s  usual ly  represents  a subopti~rum, 
1 
Table  3 . 
Est imated  Values of 
F a c t o r s  A f f e c t i n g  R e s i d e n t i a l  
Water Demand i n  Champa ign-Urbana 
Area f 3 r  P e r i o d  1970-1985 
Year ~ o p u l a t  ion(') Average No.of People No. o f  R e s i d e n t i a l  Dwelling 
Mkt .Va l u e  P e r  D y g j  l i n g  Dwelling U n i t s  P e r  
of Dwr4jing U n i t  U n i t s  Acres 
Uni t  
(1)  Data o b t a i n e d  from Champaign-Urbana Area T r a n s p o r t a t i o n  Study, 
I n t e r i m  Report  - C, January  1968. 
S t a t i s t i c a l  A b s t r a c t  S u ~ ~ l e n e n t .  3 9 6 2 ,  Department of Cornrnerce, 
r e p o r t e d  $13,700 t o  b e  t h e  median v a l u e  o f  owner occupied houses  
compris ing 50.2% of  a l l  occupied u n i t s  i n  t h e  Champaign-Urbana 
Area i n  1967. T h i s  v a l u e  i s  given a  weight of .56 and t h e  60% 
of  t h i s  v a l u e ,  an  e s t i m a t e d  average  v a l u e  o f  r e n t e d  houses ,  i s  
g iven  .44. The column shows t h e  sum of t h e s e  weighted v a l u e s .  
These v a l u e s  a r e  based on t h e  1960 census  v a l u e s  and used h e r e  
wi thou t  ad jus tments  t o  v a l u e s  i n  1964 merely f o r  an  i l l u s t r a t i v e  
purpose.  
(3)  Date f o r  1965 and 1980 o b t a i n e d  from t h e  s o u r c e  d e s c r i b e d  i n  (1)  
a r e  i n t e r p o l a t e d  t o  o b t a i n  i n t e r i m  p o i n t s  a s  i n d i c a t e d .  
(4) The - t r a n s p o r t a t i o n  s t u d y  r e f e r r e d  t o  i n  (1) g i v e s  4 ,482.3  a c r e s  
f o r  1965 and 9 , 8  61.4 a c r e s  f o r  1985. These v a l u e s  a r e  l i n e a r l y  
i n t e r p o l a t e d  t o  f i n d  i n t e r i m  p o i n t s .  
Chapter  4 
APPLICATION OF CAPACITY EXPANSION MODEL TO 
CHAMPAIGN-URBANA AREA 
To i l l u s t r a t e  how t h e  l i n e a r  programming model developed i n  t h e  
p rev ious  s e c t i o n  can be a p p l i e d  t o  a s p e c i f i c  l o c a l i t y ,  t h e  Champaign- 
Urbana t w i n - c i t y  a r e a  i s  s e l e c t e d .  
I t  i s  assumed t h a t ,  a s  o f  t h e  beg inn ing  o f  1970 t h e  e x i s t i n g  w a t e r  
t r e a t m e n t - d i s t r i b u t i o n  system s e r v i n g  t h e  twin  c i t y  community is composed 
of 2 t r e a t m e n t  p l a n t s ,  each wi th  a c a p a c i t y  o f  10 mgd, and 5 d i s t r i b u t i o n  
r e s e r v o i r s ,  each wi th  a c a p a c i t y  o f  1 m g e l  T h i s  system needs  a long-range - 
p l a n  f o r  i ts  c a p a c i t y  expansion t o  cope wi th  con t inuous ly  growing demand 
o v e r  t h e  n e x t  16 y e a r s  a f t e r  which demand i s  expec ted  t o  s t a y  c o n s t a n t  
a t  t h e  l e v e l  i n  t h e  las t  y e a r  o f  t h e  16-year p e r i o d ,  Water i s  o b t a i n e d  
from underground s o u r c e s  which can accommodate t h e  requ i rements  o f  t h e  
a r e a  f o r  an i n d e f i n i t e  f u t u r e .  
F i r s t ,  we need e s t i m a t e  f u t u r e  demands f o r  r e s i d e n t i a l  w a t e r  i n  t h e  
a r e a .  The demands have been f o r e c a s t  through Eqs. ( 1 ) - ( 3 )  u s i n g  
e s t i m a t e d  v a l u e s  o f  f a c t o r s  such a s  p o p u l a t i o n ,  average market va lue  o f  a 
d w e l l i n g  u n i t ,  number of people  i n  dwel l ing  u n i t ,  number o f  dwel l ing  
u n i t s ,  and r e s i d e n t i a l  a r e a  i n  t h e  r e g i o n ,  The e s t i m a t e d  v a l u e s  o f  
t h e  f a c t o r s  and t h e i r  s o u r c e s  a r e  l i s t e d  i n  'Table 3. Tor example, t h e  
e s t i m a t e s  o f  p o p u l a t i o n  i n  v a r i o u s  y e a r s  a r e  o b t a i n e d  from Champaign-Urbana 
Area T r a n s p o r t a t i o n  Study cover ing  t h e  16-year p e r i o d  between 1970 and 
1985. Th is  p e r i o d  w i l l  be adopted t o  t h e  p r e s e n t  s t u d y  a s  t h e  p lann ing  per iod .  
The average market v a l u e s  o f  dwel l ing  u n i t s  a r e  e s t i m a t e d  from d a t a  
i n  S t a t i s t i c a l  Abs t rac t  Supplement - 1967, p u b l i s h e d  by t h e  U .  S. Depart- 
l ~ h e s e  c a p a c i t i e s  approximate t h e  e x i s t i n g  system supp ly ing  wate r  t o  t h e  
t w i n - c i t y  a r e a ,  ~. 
T a b l e  4. Es t ima ted  Water Requirements i n  Champaign- 
Urbana Area f o r  Per iod.1970-1985 
Expected 1 . 5  - t imes  Expected Maximum F i r e  
Average . Qt Maximum D a i l y  F i g h t  i n g  Y e a r  Demand (1)  Demand (2 ) Requirement ( 3 )  ~ e q u i r e m e n t  (4 )  
mgd mgd mgd mgd mg 
( 1 )  The v a l u e  i s  de te rmined  by E q .  (1 )  w i t h  d a t a  i n  Table  3. 
4 
L 1 ( 2 )  The va lue  i s  de te rmined  by E q .  ( 2 )  wi th  d a t a  i n  Tab le  3. 
- ( 3 )  The v a l u e  r e p r e s e n t s  a  l a r g e r  one of 1 . 5  6 o r  Q 
! t (mudy) t ' 
L 4 ( 4 )  The v a l u e  i s  de te rmined  -.  by Eq. ( 8 )  w i t h  d a t a  i n  Ta5le  3. 
ment o f  Commerce. According t o  t h i s  r e p o r t ,  owner occupied houses  com- 
p r i s e  50.2% of  a l l  occupied u n i t s  i n  t h e  t w i n - c i t y  a r e a  and t h e i r  median 
v a l u e  w a s  $13,700 i n  t h a t  year .  I t  i s  assumed t h a t  t h i s  median v a l u e  
a l s o  r e p r e s e n t s  t h e  mean v a l u e  o f  t h e  owner occupied u n i t s ,  and t h a t  60% 
o f  t h i s  v a l u e ,  o r  $0,220, approximates t h e  average o f  t h e  r e n t e d  u n i t s .  
The sum o f  t h e s e  v a l u e s  weighted by .56 and .44, t h e  p r o p o r t i o n s  o f  t h e  
owner occupied and r e n t e d  u n i t s  t o  a l l  dwel l ing  u n i t s ,  i s  $11,300 and 
t h i s  va lue  r e p r e s e n t s  an approximate average of t h e  v a l u e s  o f  a l l  dwel l ing  
u n i t s .  With t h i s  va lue  i n  1967 as t h e  s t a r t i n g  p o i n t ,  t h e  market v a l u e s  
i n  each y e a r  i s  o b t a i n e d  by i n c r e a s i n g  t h e  p r e v i o u s  y e a r ' s  v a l u e  a t  an 
assumed r a t e  o f  5%. F i n a l l y ,  t h e  number o f  people  p e r  dwel l ing  u n i t  is 
o b t a i n e d  by a l i n e a r  i n t e r p o r a t i o n  o f  2.5 i n  1965 and 2,68 i n  1985 r e p o r t e d  
by t h e  p r e v i o u s l y  quoted Champaign-Urbana Area T r a n s p o r t a t i o n  Study. 
4 
Those e s t i m a t e d  v a l u e s  a s  l i s t e d  i n  Table  3 a r e  used t o  determine 
v a r i o u s  w a t e r  requirements  d u r i n g  t h e  16-year p e r i o d  shown i n  Table  
4. I n  t h i s  t a b l e ,  t h e  expected average demand i n  each y e a r  i s  determined 
by Eq. ( 1 )  and t h e  expec ted  maximum demand by Lq. ( 2 ) .  Then fo l lowing  
~ ~ ~ ( 1 9 )  sugges ted  by t h e  American Insurance  A s s o c i a t i o n ,  a l a r g e r  one 
o f  1.5 t imes  t h e  expec ted  average demand o r  t h e  expec ted  maximum demand 
i s  s e l e c t e d  as t h e  e s t i m a t e d  maximum d a i l y  requ i rement ,  Qt F i n a l l y ,  t h e  
f i r e - f i g h t i n g  requ i rement ,  Q k ,  is determined by Lq, ( 8 ) .  t 
Linaweaver (122, p ,  1001 i l l u s t r a t e d  a diagram showing demand f l u c t u a -  
t i o n s  i n  a t y p i c a l  summer week and t h o s e  i n  a t y p i c a l  w i n t e r  week i n  
Creekside  Acres ,  Oakland, C a l i f o r n i a ;  a p a r t  o f  t h i s  diagram h a s  been 
p r e s e n t e d  i n  F igure  1, From t h e  diagram, w e  have e s t i m a t e d  t h e  fo l lowing  
a ,  B ,  and y f o r  t h e  l e n g t h  o f  t h e  peak p e r i o d  on a t y p i c a l  day,  t h e  
demand o f  t h e  peak p e r i o d  on t h e  maximum demand day,  and t h i s  demand 
on t h e  average  demand day a s  f r a c t i o n s  o f  t h e  t o t a l  l e n g t h  and demand 
of t h e  r e s p e c t i v e  days:  
a = 66, 6 = - 9 1 ,  y = .85 
We assume t h e s e  v a l u e s  a l s o  r e p r e s e n t  t h e  r e s p e c t i v e  r e l a t i o n s  i n  
t h e  t w i n - c i t y  a r e a ,  
Var ious  c o s t s  i n c l u d e d  i n  t h e  o b j e c t i v e  f u n c t i o n  o f  t h e  l i n e a r  
program, Eq .  ( 4 1 ) ,  a r e  determined by t h e  c o s t  f u n c t i o n s  i n  ( 9 )  and 
(13) - (18)  which a r e  summarily l i s t e d  a s  f o l l o w s :  
A. Cost  f u n c t i o n s  o f  t h e  ground w a t e r  t r e a t m e n t  p l a n t  
( 1 )  C a p i t a l  Cost E ( K  ) = 115 K'  6 3  
P P P  
( 2 )  Fixed o p e r a t i n g  c o s t  r (K ) = 6(34,79 K * ' ~ )  
P  P P 
( 3 )  V a r i a b l e  o p e r a t i n g  c o s t  
1.02 
a t  c a p a c i t y  o p e r a t i o n  G (K ) = 6(34.79 K ~ ~ ~ -  5.06 K ) i n  $1000/yr 
P  P D P  
where K is t h e  c a p a c i t y  o f  t h e  p l a n t  i n  mgd and 8 = .43. 
P  
B. Cost  f u n c t i o n s  o f  t h e  ground l e v e l  d i s t r i b u t i o n  r e s e r v o i r  
( 1 )  C a p i t a l  c o s t  Es(Ks) = 128 K i  7  5 i n  $1000 
( 2 )  Fixed o p e r a t i n g  c o s t  Y (K ) = .75 K '  7 1  
s s s i n  $1000/yr 
where K i s  t h e  c a p a c i t y  o f  t h e  r e s e r v o i r  i n  mg. 
S 
C. Cost o f  ~ u m ~ i n e  
C 31.4 c/Eo p e r  1000 gal lons/ lOO f t  
P'J'"" 
where c  i s  $ p e r  kw-hr and E is t h e  wi re -wa te r  e f f i c i e n c y  i n  
0 
p e r c e n t .  t 
With r e g a r d  t o  t h e  d i s t r i b u t i o n  r e s e r v o i r ,  t h e  o b j e c t i v e  f u n c t i o n  
i n  ( 4 1 )  i n c l u d e s  on ly  t h e  c a p i t a l  and f i x e d  o p e r a t i n g  c o s t s ;  t h e  
v a r i a b l e  o p e r a t i n g  c o s t  is assumed independent  o f  t h e  s i z e  o f  t h e  
r e s e r v o i r  b u t  dependent on t h e  volume of  w a t e r  r e q u i r e d  f o r  e q u i l i z a t i o n  
on an average demand day. With t h i s  assumption,  d  i n  t h e  c o n s t a n t  term 
D o f  t h e  o b j e c t i v e  f u n c t i o n  ( 4 1 )  i s  r e p l a c e d  by t h e  fo l lowing  s p e c i f i c  
u n i t  c o s t  determined by t h e  above c o s t  o f  pumping: 
where we have assumed t h e  r a t e  o f  e l e c t r i c i t y  i s  1 c e n t  p e r  K w h r ,  t h e  
pumping h e i g h t  i s  100 f t . ,  and t h e  wire-water e f f i c i e n c y  i s  50%. 
The range o f  c a p a c i t y  o f  t h e  t r e a t m e n t  p l a n t  be ing  cons idered  
is  from 0 mgd t o  30 mgd,ana t h i s  range i s  d i v i d e d  t o  15 e q u a l  segments 
4 
and r e p r e s e n t e d  by 16 r e f e r e n c e  p o i n t s .  Likewise ,  t h e  range of 
c a p a c i t y  o f  t h e  ground r e s e r v o i r  be ing  cons idered  i s  from 0 mg t o  
3.0 mg and t h i s  r ange  is r e p r e s e n t e d  by 16 r e f e r e n c e  p o i n t s  s e p a r a t e d  
by an i d e n t i c a l  s t e p  o f  .20 mg. Table  5  l is ts  t h e  c a p i t a l  and 
o p e r a t i n g  c o s t s  o f  t h e  t r e a t m e n t  p l a n t  and ground-level  r e s e r v o i r  
a t  t h e  above c a p a c i t y  r e f e r e n c e  p o i n t s  and t h e  c a p a c i t y  v a r i a b l e s  
r e p r e s e n t i n g  t h e s e  r e f e r e n c e  p o i n t s .  
The l i n e a r  program i n c o r p o r a t i n g  t h e  above c o n d i t i o n s  has  been 
computed by MPS, an IBM l i n e a r  programming code,  on an IBM 360/75, u s i n g  
each o f  t h e  fo l lowing  v a l u e s  o f  t h e  b o o s t e r  pumping c o e f f i c i e n t :  
4 = 1.0 ,  1.1, 1.2 ,  1 .3 ,  and 1.4. The r e s u l t s  o f  t h e  computat ions  a r e  
l i s t e d  i n  Table  6 ,  showing f o r  each v a l u e  o f  +I t h e  t imes  a t  which new 
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Table 6. Appl icat ion of  Capacity Expansion Model t o  Champaign-Urbana Area: Determination of Optimum Capac i t i e s  of 
Treatment P l a n t s  and i l i s t r i b u t i o n  Reservoi rs  Under Various begrees o f  Booster Pumping. 
.. 
(Coe f f i c i en t  






a. . . 
'This t o t a l  c o s t  r e p r e s e n t s  t h e  sum of c a p i t a l  and ope ra t i ng  c o s t s  a s s o c i a t e d  with f a c i l i t i e s  i n s t a l l e d ,  d i scounted  a t  
an annual  i n t e r e s t  r a t e  of 10%. A l l  component c o s t s  a r e  a t  t h e  1964 p r i c e  l e v e l .  D l i s t e d  i n  t h i s  column r e p r e s e n t s  
t h e  cons tan t  cos t  def ined  by (30)  i n  p. 27 and equa ls  $1,353,000. 
r e p r e s e n t i n g  t h e  f a c i l i t i e s  and t h e  t o t a l  c o s t .  
For each v a l u e  of d ,  s e v e r a l  computer r u n s  have been made by 
f i x i n g  t h e  number of  p l a n t s  b e i n g  i n s t a l l e d  t o  2  and t h e  number of  
r e s e r v o i r s  t o  2. These numbers have been s e t  a t  2, because  1 p l a n t  
o r  1 r e s e r v o i r  r e q u i r e s  a  c a p a c i t y  exceed ing  t h e  p rede te rmined  range  
and t e s t  r u n s  wi th  3 p l a n t s  o r  3 r e s e r v o i r s  have produced l e s s  d e s i r -  
a b l e  r e s u l t s  t h a n  t h o s e  f o r  2 p l a n t s  o r  2  r e s e r v o i r s .  
The s o l u t i o n s  l i s t e d  i n  Tab le  6 r e p r e s e n t  t h o s e  g i v i n g  t h e  min- 
imum c o s t s  among t h e  r e s u l t s  o b t a i n e d .  S i n c e  a  s o l u t i o n  t o  t h i s  l i n e a r  
program u s u a l l y  i s  a  suboptimum, t h o s e  s o l u t i o n s  l i s t e d  i n  Tab le  6 
p robab ly  r e p r e s e n t  subopt ima.  N a t u r a l l y ,  t h e  r e q u i r e d  c a p a c t i y  of 
e a c h  p l a n t  d e c r e a s e s  a s  t h e  v a l u e  of  d i n c r e a s e s ;  t h e  d e c r e a s e  i n  
c a p a c i t y  i s  more pronounced w i t h  t h e  f i r s t  p l a n t  t h a n  w i t h  t h e  second 
6 
p l a n t .  On t h e  o t h e r  hand,  t h e  v a l u e  d does n o t  a f f e c t  t h e  c a p a c i t i e s  
o f  t h e  s e l e c t e d  r e s e r v o i r s  which. a r e  i d e n t i c a l  i n  a l l  c a s e s  e x c e p t  
f o r  c a s e  1. 
The t o t a l  c o s t  i n  Tab le  6 r e p r e s e n t s  t h e  sum of t h e  p r e s e n t  v a l u e s  
of  c a p i t a l  and o p e r a t i n g  c o s t  a s s o c i a t e d  w i t h  new f a c i l i t i e s ,  d i s c o u n t e d  
a t  a n  a n n u a l  r a t e  of 10%. As i s  expec ted ,  t h e  t o t a l  c o s t  d e c r e a s e s  
w i t h  a n  i n c r e a s i n g  d ,  s i n c e  t h e  c a p a c i t y  of a  p l a n t  expands w i t h  a n  
i n c r e a s i n g  d w i t h o u t  a n  a d d i t i o n a l  expense .  The t o t a l  c o s t s  i n  Tab le  6 
a l o n e  can n o t  de te rmine  t h e  r e l a t i v e  m e r i t s  of  t h e  f i v e  c a s e s ,  s i n c e  
t h e y  d o n ' t  i n c l u d e  such i t ems  a s  b o o s t e r  pumps, maintenance and r e p a i r s ,  
and o p e r a t i n g  problems r e l a t e d  t o  v a r i a b l e  d e g r e e s  of  b o o s t e r  pumping. 
T a b l e  7. A p p l i c a t i o n  s f  Capaci ty  Expansi.on Nodel t o  Chaxipaign- 
Urbana Area: C a p a c i t i e s  of Treatment P l a n t s  and D i s t r i b u t i o n  
R e s e r v o i r s .  
B o o s t e r  
Case Pumping 
9 
Case 1 1.0 
Case 2 1.1 
Case 3 1.2 
P l a n t  Capac i ty  and R e s e r v o i r  Capac i ty  
Year o f  ~ n s t a l l i t i o n  and Year o f  I n s t a l l - a t i o n  
Case 4 1.3 13.4(1970) 7*4(1978)  .78(1979) 2.66(1984) 
Case 5 1.4 11.0(1970) 6.9(1978) .78(1979) 2.66(1984) 
F i n a l l y ,  t h e  purpose of t h i s  a p p l i c a t i o n  i s  t o  show how t h e  l i n e a r  
program developed can be app l i ed  t o  a  s p e c i f i c  l o c a l i t y  r a t h e r  than t o  
suggest  a  plan t o  be used f o r  t h e  s e l e c t e d  region.  The l a t t e r  is 
p a r t i c u l a r l y  t r u e  i n  view of t h e  crude c o s t  func t ions  used f o r  t h i s  
app l i ca t i on .  However, where r e l i a b l e  c u r r e n t  information i s  a v a i l a b l e  
f o r  both f o r e c a s t i n g  f u t u r e  demands and determining t h e  c a p i t a l  and 
ope ra t i ng  c o s t  func t ions  f o r  t h e  s p e c i f i c  types  of f a c i l i t i e s  considered 
f o r  i n s t a l l a t i o n ,  t h e  l i n e a r  programming model w i l l  be u s e f u l  i n  
d r a f t i n g  an i n i t i a l  plan f o r  t h e  capac i ty  expansion of a municipal 
water  system. 
CHAPTER 5 
SUMMARY 
I A r a p i d  i nc rease  i n  populat ion accompanied by sus t a ined  improvement 
i n  l i v i n g  s tandards  has s t imu la t ed  demands f o r  water  i n  r e s i d e n t i a l  
use i n  most c i t i e s .  To assure  adequate supply of  water  f o r  t h e  
e x i s t i n g  and f u t u r e  demands, a  munici-pal water  t r ea tmen t -d i s t r i bu t ion  
system might be requi red  t o  add new treatment  p l a n t s  and/or  d i s t r i b u t i o n  
r e s e r v o i r s  t o  t h e  e x i s t i n g  water  t r ea tmen t -d i s t r i bu t ion  system. 
Since t he se  f a c i l i t i e s  a r e  expensive t o  b u i l d  and ope ra t e ,  t h e  capac i ty  
expansion c a l l s  f o r  a  c a r e f u l  p lan  based on sound a n a l y s i s  t h a t  t akes  
i n t o  cons idera t ion  a l l  r e l evan t  engineer ing and economic f a c t o r s .  
Like most c a p i t a l  f a c i l i t i e s ,  t he  t rea tment  p l a n t  o r  t he  d i s t r i b u t i o n  
I 1 
, r e s e r v o i r  is sub jec t  t o  economies of s c a l e .  Namely, t he  b igge r  t he  
? capac i ty  o f  a  f a c i l i t y ,  t he  sma l l e r  t h e  c a p i t a l  o r  opera t ing  c o s t  per  u n i t  i 
volume of water  t r e a t e d  o r  s to r ed .  This  s ta tement  i s  normally v a l i d  
I 
I w i th in  a  c e r t a i n  p r a c t i c a l  range o f  capac i ty .  Where demands a r e  cons t an t ly  
increas ing ,  t h e  above s c a l e  e f f e c t s  d i c t a t e  us t o  i n s t a l l  a  f a c i l i t y  t h a t  
1 s a t i s f i e s  n o t  j u s t  t h e  immediate needs bu t  a l s o  t h e  requirements beyond t h e  
immediate fu tu re .  
The design capac i ty  o f  a  municipal water  supply system depends on 
I 
two f a c t o r s :  one of them is t h e  expected maximum d a i l y  demand inf luenced  
I 
mainly by lawn s p r i n k l i n g  and a i r cond i t i on ing  on hot  summer days,  and 
t 
i 
\ t h e  o t h e r  t h e  f i r e - f i g h t i n g  requirements  recommended by t h e  American 
t Insurance Associat ion.  With r ega rd  t o  t h e  r a t e  of demand, an average day 
is d iv ided  t o  two pe r iods ,  t h e  peak per iod  s t a r t i n g  around 7 a,m, and 
ending around 9 p,m. and t h e  s l ack  per iod  covering t h e  r e s t  of  t h e  day. 
However, t h e  t rea tment  p l a n t  is u s u a l l y  opera ted  a t  a  cons tan t  r a t e  
throughout t h e  day s o  a s  t o  e l imina t e  c o s t l y  changes i n  ou tput  r a t e  and 
t o  minimize t h e  r equ i r ed  p l a n t  capac i ty ,  I n  t h i s  mode of  ope ra t i on ,  
t h e  p l a n t  pumps out  su rp lus  water dur ing  t h e  s l a c k  per iod  t h a t  is 
accumulated i n  d i s t r i b u t i o n  s t o r a g e  and w i l l  be used f o r  compensating 
t h e  s h o r t  supply dur ing  t h e  subsequent peak per iod.  
The formulat ion of t h e  capac i ty  expansion model assumes s e v e r a l  
condi t ions .  The s c a l e  e f f e c t s  i n  t h e  c a p i t a l  and opera t ing  c o s t s  of 
a  t rea tment  p l a n t  o r  a  d i s t r i b u t i o n  r e s e r v o i r  a r e  represen ted  by concave 
func t ions  of  capac i ty  i n  exponent ia l  form. Demand, t h a t  can be f o r e c a s t  
, with c e r t a i n t y ,  cont inuously i nc reases  over  a  f i n i t e  per iod  beyond which 
it s t a y s  a t  t h e  maximum l e v e l  a t t a i n e d  a t  t h e  end of t h e  per iod.  This 
per iod  is adopted a s  t h e  planning per iod  f o r  i n s t a l l i n g  new f a c i l i t i e s ,  
The f a c i l i t i e s  e x i s t i n g  a t  t h e  o u t s e t  and those  i n s t a l l e d  dur ing  t h e  
planning per iod  a r e  rep laced  by permanent cha ins  of f a c i l i t i e s  i d e n t i c a l  
wi th  them, 
The model formulated i s  composed of an o b j e c t i v e  func t ion  minimizing 
t h e  t o t a l  c o s t  of  investment and ope ra t i on  and a  set of  c o n s t r a i n t s  on t h e  
t rea tment  and s to rage  c a p a c i t i e s  s a t i s f y i n g  t h e  annual  requirements  on 
t h e  expected maximum d a i l y  demand, e q u i l i z a t i o n  dur ing  t h e  d a i l y  peak 
pe r iod ,  and f i r e - f i g h t i n g .  The o r i g i n a l  non-l inear  formulat ion i s  
transformed t o  a  l i n e a r  program by r ep l ac ing  each concave c o s t  func t ion  
i n  t h e  o b j e c t i v e  func t ion  with a  s e t  of l i n e a r  func t ions  approximating t h e  
c o s t  between success ive  r e f e r ence  capac i ty  po in t s .  
The design c a p a c i t i e s  determined by t h e  formulas suggested by 
var ious  au tho r s  tend  t o  be muchgreaker than  t h e  capac i ty  used i n  p r a c t i c e ,  
This  discrepancy is reso lved  by mul t ip ly ing  every  capac i ty  v a r i a b l e  
i n  t h e  formulat ion with a  c o e f f i c i e n t  of  boos t e r  pumping having a value 
equa l  t o  o r  l a r g e r  than  uni ty .  The de te rmina t ion  of  a  s p e c i f i c  value 
rests on t h e  d i s c r e t i o n  of an i n d i v i d u a l  u s e r  of t h e  model. 
The l i n e a r  programming model t hus  developed has been app l i ed  t o  
t h e  Champaign-Urbana a r e a ,  I l l i n o i s ,  t o  i l l u s t r a t e  how it can be used 
i n  p r a c t i c e .  Because many condi t ions  used have t o  be assumed, t h i s  
a p p l i c a t i o n  is f o r  i l l u s t r a t i n g  t h e  s t e p s  involved i n  using t h e  model 
r a t h e r  t han  f o r  sugges t ing  a  p lan  t o  be adopted. The per iod  1970-1985 has  
been used f o r  f o r e c a s t i n g  demands and planning t h e  i n s t a l l a t i o n  of  new 
f a c i l i t i e s ,  So lu t ions  t o  t h e  l i n e a r  program have been computed with f i v e  
d i f f e r e n t  va lues  given t o  t h e  c o e f f i c i e n t  of boos t e r  pumping, The s o l u t i o n s  
have i n v a r i a b l y  s e l e c t e d  two t rea tment  p l a n t s  and two d i s t r i b u t i o n  r e s e r v o i r s ,  
i n d i c a t i n g  t h a t  an i nc rease  i n  t h e  value o f  t h e  c o e f f i c i e n t  accompanies a 
g r e a t e r  decrease  i n  t h e  capac i ty  o f  t h e  f i r s t  p l a n t  bu t  a  sma l l e r  
decrease  i n  t h a t  of t h e  second p l an t .  Fu r the r ,  t h e  f a c i l i t i e s  a r e  
i n s t a l l e d  i n  t h e  same yea r s  d e s p i t e  t h e  d i f f e r e n t  va lues  o f  t h e  c o e f f i c i e n t ,  
F i n a l l y ,  t h e  usefu lness  of t h e  model developed i n  t h i s  s tudy  depends 
much on t h e  a v a i l a b i l i t y  of r e l i a b l e  information on f u t u r e  demands and t h e  
c a p i t a l  and ope ra t i ng  c o s t s  of t h e  types  of f a c i l i t i e s  considered,  Since 
most c o s t  d a t a  a v a i l a b l e  i n  publ ished s t u d i e s  a r e  no t  i n  t h e  form u s e f u l  
t o  t h e  model, t h e  c o l l e c t i o n  of  r e l i a b l e  cu r r en t  d a t a  f o r  determining 
accu ra t e  c o s t  func t ions  must precede t h e  a c t u a l  use o f  t h i s  model. Most 
c a p i t a l  investment dec i s ions  a r e  based on t r ade -o f f s  between t h e  c o s t  of  
ove r  c a p a c i t y  and t h e  pena l t y  of under c a p a c i t y  f o r  given requ i rements ,  
I n  t h e  p r e sen t  problem, t h e  former i s  i d e n t i f i a b l e ,  bu t  t h e  l a t t e r ,  
t h e  p e n a l t y  o f  under c apac i t y ,  is a very  vaguely s t r u c t u r e d  concept ,  
For t h i s  pena l t y  would come t o  t h e  consumer of wate r ,  r a t h e r  t han  to 
t h e  s u p p l i e r ,  i n  t h e  forms o f  h i g h e r  f i r e  insurance  r a t e s ,  sho r t age  
i n  s u p p l i e d  wate r ,  o r  poor ly  t r e a t e d  water .  If and when we could 
i d e n t i f y  t h e  r e l a t i o n s h i p  between t h e  under c a p a c i t y  and its p e n a l t y  imposed 
on t h e  wate r  s u ~ p l y i n ~  agency, t h e  model formulated he r e  would become a 
b e t t e r  and more u s e f u l  t o o l  f o r  t h e  wa t e r  supply ing  agency i n  making a 
c a p a c i t y  expansion dec i s i on .  
A-1 
APPENDIX I 
ON COSTS OF SURFACE-WATER TREATMENT 
I n t r o d u c t i o n  
P u b l i s h e d  s t u d i e s  on wa te r  t r e a t m e n t  c o s t s  a r e  ex t remely  s c a r c e  and,  
when a v a i l a b l e ,  t h e y  u s u a l l y  show t h e  average  t o t a l  c o s t s  p e r  g a l l o n  of 
wa te r  t r e a t e d  by p l a n t s  wi th  s p e c i f i c  c a p a c i t i e s  o p e r a t e d  a t  p a r t i c u l a r  
u t i l i z a t i o n  r a t e s .  Such average  c o s t s  a r e  u s e f u l  f o r  comparing r e l a t i v e  
o p e r a t i n g  e f f i c i e n c i e s  of d i f f e r e n t  p l a n t s  o r  de te rmin ing  p r o f i t  margins  
p e r  g a l l o n  o f  wa te r  s o l d  under t h e  g i v e n  c o n d i t i o n s .  I f  t h e  u t i l i z a t i o n  
r a t e s  change,  s o  do t h e  average  c o s t s .  T h e r e f o r e ,  t h e  average  c o s t s  
determined f o r  s p e c i f i c  u t i l i z a t i o n  r a t e s  supp ly  l i m i t e d  in fo rmat ion  on 
t h e  c o s t s  i n c u r r e d  by t h e  same p l a n t s  o p e r a t i n g  a t  d i f f e r e n t  u t i l i z a t i o n  
r a t e s .  I n  such a  c a s e ,  one needs  a  c o s t  formula expressed  a s  a  f u n c t i o n  
* o f  u t i l i z a t i o n  r a t e .  F u r t h e r ,  i f  h e  were t o  s e l e c t  a n  optimum c a p a c i t y  
f o r  a  p l a n t  t h a t  would o p e r a t e  a t  v a r i o u s  u t i l i z a t i o n  r a t e s ,  i t  would be 
e s s e n t i a l  f o r  him t o  have a  c o s t  formula d e s c r i b e d  a s  a  f u n c t i o n  of  
p l a n t  c a p a c i t y  and u t i l i z a t i o n  r a t e .  
Proposed Cost  F u n c t i o n  
L ike  most c a p i t a l  f a c i l i t i e s ,  w a t e r - t r e a t m e n t  p l a n t s  a r e  s u b j e c t  
t o  economies o f  s c a l e  r e l a t e d  t o  t h e i r  s i z e s  o r  c a p a c i t i e s .  T h e o r e t i c a l l y ,  
t h e  r e l a t i o n s h i p  between c a p a c i t y  and c a p t i a l  c o s t  o r  c a p a c i t y  and t o t a l  c o s t  
of  o p e r a t i o n  a t  t h e  r a t e d  c a p a c i t y  may be d e s c r i b e d  by a n  e l o n g a t e d  inverse -S  
shape,  a  concave-convex f u n c t i o n ,  a s  i s  i l l u s t r a t e d  i n  F i g u r e  2 .  I n  t h e  
concave r e g i o n  shown by curve  AB,  t h e  c a p i t a l  c o s t  o r  t h e  t o t a l  o p e r a t i n g  
c o s t  i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  c a p a c i t y  b u t  a t  a  d e c r e a s i n g  r a t e ;  i n  
t h e  convex r e g i o n  shown by curve  BC, however, t h o s e  c o s t s  i n c r e a s e  a t  a n  
i nc reas ing  r a t e  a s  the  capac i ty  i nc reases .  From the  economic po in t  of 
view, the inves tor  should be i n t e r e s t e d  i n  t he  concave reg ion  but no t  
i n  t he  convex reg ion  unless  an increase  i n  t he  cos t  due t o  an added 
capac i ty  i s  completely counterbalanced by decreases  i n  o ther  c o s t s .  
Economies of s c a l e  represented by the concave reg ion  a r e  t he  main upder- 
l y ing  reason i n  many cases  why a l a r g e r  f a c i l i t y  i s  prefer red  t o  a  s e t  
of smaller  ones t o  do the  same t a sk  or  why a  l a r g e r  f a c i l i t y  i s  i n s t a l l e d  
i n s t ead  of a  smaller  one s a t i s f y i n g  immediate requirements when output  
requirements  a r e  expected t o  i nc rease  with t ime. A reasonable  form of 
c o s t  func t ion  g iv ing  the  above sca l e  e f f e c t s  i s  the fol lowing exponent ia l  
f unc t ion  proposed by Chenery. 1 
(i) Y = aK b  
where Y i s  t he  c o s t ,  K i s  r a t e d  capac i ty  and a  and b  a r e  parameters 
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associated with  a  p a r t i c u l a r  type of f a c i l i t y .  This exponent ia l  form w i l l  
l a t e r  be appl ied  t o  the  c a p i t a l  cos t  and the  ' t o t a l  opera t ing  c o s t .  
The t o t a l  annual cos t  of water t reatment  proposed here  i s  composed 
of c a p i t a l  c o s t  and opera t ing  c o s t ,  and i s  w r i t t e n  as  a  func t ion  of 
p l a n t  capac i ty  and u t i l i z a t i o n  r a t e  a s  fol lows:  
where 
C(K,u): the  t o t a l  annual c o s t  of water t reatment  fo r  a  p l an t  
wi th  capac i ty  K operated a t  u t i l i z a t i o n  r a t e  u  ($1000/mg). 
K:  the  p l an t  capac i ty  f o r  a  24-hour opera t ion  (mgd). 
u:  t he  u t i l i z a t i o n  r a t e ,  o r  the  volume of water processed per 
day expressed a s  a  f r a c t i o n  of the r a t ed  p l an t  capac i ty .  
1, Chenery, H.B. ,  "Overcapacity and the Accleration Principle," 
ECONOMETRICA, 20 : 1-28, January, 1952. 
a: the  amor t iza t ion  f a c t o r  determined by the  i n t e r e s t  r a t e  and 
t h e  number of years  t o  w r i t e  o f f  the  o r i g i n a l  investment.  
For example, a = .05783 i f  t h e  p l a n t  i s  amortized over 30 
years  a t  a  r a t e  of 4%. 
E(K): The c a p i t a l  c o s t  of  a  p l an t  wi th  capac i ty  K ($1000). 
Ft(K,u):  The t o t a l  annual ope ra t i ng  c o s t  f o r  a  p l an t  with capac i ty  
K operated a t  u t i . l i z a t i o n  r a t e  u  ($1000/yr).  
S p e c i f i c  forms of E(K) and Ft(K,u) on the r i g h t  hand of (2)  w i l l  be 
determined us ing  da t a  a v a i l a b l e  i n  Koenig's s tudy  C2l.3 and publicat ion 
of t he  I l l i n o i s  S t a t e  Water Survey (ISWS) [16] Among the  publ ica t ions  
examined by the  au thor ,  those were the on ly  sources  t h a t  provided use- 
f u l  d a t a  f o r  t he  presen t  study. 
C a p i t a l  Cost 
The c a p i t a l  c o s t  requi red  f o r  t he  i n s t a l l a t i o n  of a  p l a n t  con- 
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t r i b u t e s  t h e  g r e a t e s t  p a r t  t o  the  annual  t rea tment  c o s t .  When t h e  c a p i t a l  
c o s t  i s  amortized over a  period of 30 years  a t  4% i n t e r e s t  r a t e ,  the  
c o n t r i b u t i o n  i s  es t imated a s  40-55% of the  t reatment  c o s t  depending on 
the  r a t e  of p l an t - capac i ty  u t i l i z a t i o n  L16,p. 3243. Fur the r ,  sources  
from which water i s  obtained g r e a t l y  in f luence  t he  c a p i t a l  c o s t  of water 
t rea tment .  The fol lowing d i scus s ion  i s  based on an  ISWS r e p o r t  on 
surface-water  t reatment  c o s t  C16, Tech. Letter 111, 
The t o t a l  t reatment  c o s t  of su r f ace  water repor ted  by Koenig i s  
based on d a t a  from 30 p l an t s .  The c a p i t a l  c o s t  of a  p l an t  covers  the 
low l i f t  pumping s t a t i o n ,  the  t reatment  p lan t  i t s e l f ,  and the high l i f t  
pumping s t a t i o n ,  but  i t  does no t  include conveyance l i n e s  f o r  raw 
water  o r  f i n i shed  water ,  nor booster  s t a t i o n s  on f i n i shed  water l i n e s  
C21, p. 2951. ISWS a d j u s t e d  d a t a  from 42 p l a n t s  ( i n c l u d i n g  Koenigls  
30 p l a n t s  and o t h e r  d a t a  which appeared i n  JAWWA t o  1964 p r i c e s  and 
t o  l o c a t i o n  d i f f e r e n c e s  by u s i n g  t h e  Handy-Wnitman U t i l i t i e s  Indexes 
f o r  s m a l l  t r e a t m e n t  p l a n t s  C O  t o  1 m i l l i o n  g a l l o n s  p e r  day (mgd)] and 
l a r g e  t r e a t m e n t  p l a n t s  ( g r e a t e r  t h a n  1 mgd), Using t h e  a d j u s t e d  d a t a ,  
ISWS t h e n  o b t a i n e d  t h e  fo l lowing  r e g r e s s i o n  r e l a t i o n s h i p  between c a p a c i t y  
and c a p i t a l  c o s t :  
( i i i )  E(K) = 267,9K 0,65 ($1000 
where E(K) is t h e  c a p i t a l  c o s t  o f  a  su r face-wate r  t r e a t m e n t  p l a n t  and 
K i s  t h e  c a p a c i t y  i n  mgd. The exponent b = .65 i n  ( i i i )  means t h a t  t h e  cap- 
i t a l  c o s t  i n c r e a s e s  wi th  an i n c r e a s e  i n  c a p a c i t y  a t  a  p o s i t i v e  b u t  de- 
c r e a s i n g  r a t e ,  t h e r e f o r e  E(K) i n  ( i i i )  w i l l  have a  concave curve such a s  
curve AB i n  Figure  1. 
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O p e r a t i n g  Cost 
-
Like t h e  c a p i t a l  c o s t ,  t h e  o p e r a t i n g  c o s t  o f  a  wa te r  t r e a t m e n t  
p l a n t  is  a f f e c t e d  by t h e  p l a n t  c a p a c i t y ,  u t i l i z a t i o n  r a t e ,  and s o u r c e s  
o f  wa te r .  The l a s t  f a c t o r  is n o t  g iven s p e c i a l  c o n s i d e r a t i o n  i n  t h e  p r e s e n t  
d i s c u s s i o n ,  s i n c e  Koenigls  s t u d y  merely i n d i c a t e s  t h a t  t h e  p l a n t s  surveyed 
t r e a t  s u r f a c e  w a t e r ,  The s t u d y  r e p o r t s  t h a t  t h e  l a r g e s t  component o f  
t h e  annua l  t r e a t m e n t  c o s t  is t h e  c a p i t a l  c o s t  c o n t r i b u t i n g  40-55% i n  
t y p i c a l  p l a n t s ;  t h e  n e x t  major i t em is manpower, c o n t r i b u t i n g  22% i n  
t y p i c a l  p l a n t s ;  and t h e  t h i r d  i t em i n  t h e  l i s t  i s  energy wi th  10-13% 
c o n t r i b u t i o n s .  These t h r e e  i t ems  c o n t r i b u t e  a lmost  7 /8  o f  t h e  t o t a l  
Table I, Elements of Average Water Treatment Cost i n  
"Typical P lants"  (1964 P r i c e  Level) 
Design Capacity 
K mgd 0 .5  8 . 0  
U t i l i z a t i o n  Rates 





and Replacement 7.0 5 .0  2 .'9 1 . 7  
Miscellaneous 2 . 2  1.1 2 . 2  1.1 
Heating (140 days) 9.2 4 .6  2 . 2  1.1 
Energy 33.0 33.0 17.0 17.0 
Chemica 1s 
Average Operating 136.9 123.2 58.5 44.1 
Cost f  (u) 
\ 
Source: Koenig L 3, p .  324-1 
t reatment  c o s t .  Other items included i n  the cos t  a r e  chemicals with 
6% con t r ibu t ion ,  hea t ing ,  maintenance, and r e p a i r ,  each with 2% c o n t r i -  
but ion .  The t o t a l  operat ing c o s t s  of " typ ica l  p lan ts"  tabula ted  by 
Koenig Lp.3241 i s  rearranged and reproduced i n  Table I ,  i n  which the  
the  hea t ing  c o s t  r ep resen t s  about the maximum t o  be experienced 
i n  the  United S t a t e s .  
Using d a t a  i n  Table I and assuming t h a t  t h e  v a r i a b l e  c o s t  i s  
a  l i n e a r  f unc t i on  of u t i l i z a t i o n  r a t e ,  t h e  f i xed  and v a r i a b l e  e l e -  
ments of t h e  t o t a l  o p e r a t i n g  c o s t  w i l l  be i d e n t i f i e d .  
F i r s t ,  two i n d i v i d u a l  va lue s  l i s t e d  under each des ign  c a p a c i t y  
i n  Table  1 a r e  combined t o  a  s i n g l e  exp re s s ion  w i th  o r  wi thout  
u t i l i z a t i o n  r a t e  u,  a s  l i s t e d  i n  Table  11, To o b t a i n  t h e  o r i g i n a l  
va lue s  i n  Table 1, we need merely t o  r ep l ace  u  i n  t h e  express ions  i n  
Table  11 with .5  o r  l6 
Table 11. C l a s s i f i c a t i o n  of Elements of Average Water 
Treatment Cost i n  "Typical  P l a n t s "  
Design Capaci ty  
K mgd 
I tems 
- S/mg id% C l a s s i f i c a t i o n  
Manpower 6.0 + 55.0 11.0 + 5.0 Semi-var i a b l e  
U u  
Maintenance,  Repair  + 3.0 - + 0 .5  Semi-var i a b l e  
and Replacement u u 
Misce l laneous  1.1 
u  




Energy 33 . O  17 .0  Var iab le  
Chemical 18.5  7.2 Va r i ab l e  
Average Operat ing 13.7 + 109.5 - 14 .4  + 29.7 
Cos t  f  (u)  u  U 
Note: u  r e p r e s e n t s  t h e  p l a n t  u t i l i z a t i o n  r a t e .  
-. 
I n  Table I I , a n  item i s  c l a s s i f i e d  a s  a  v a r i a b l e ,  f i x e d ,  o r  
semi -var iab le  element of the  o p e r a t i n g  c o s t  depending on whether 
i t  i s  g iven  by a  d e f i n i t e  v a l u e  on ly ,  a  f r a c t i o n a l  form w i t h  u  a s  
a denominator,  o r  a  combination of a  d e f i n i t e  v a l u e  and a  f r a c t i o n  
w i t h  u .  There fore ,  "Manpower" and "Maintenance and Others ' '  a r e  
semi-var iab le  e lements ,  "Miscellaneous" and "Heating" a r e  f i x e d  
e lements ,  and "Energy" and "Chemical" a r e  v a r i a b l e  e lements .  
The average  operat i .ng c o s t  a t  t h e  bottom of T a b l e 1 1  i s  g iven by 
a  f r a c t i o n ,  wi th  u  a s  t h e  denominator,  r e p r e s e n t i n g  t h e  f i x e d  p a r t  
of t h e  o p e r a t i n g  c o s t  and a  c o n s t a n t  v a l u e  r e p r e s e n t i n g  t h e  v a r i a b l e  
p a r t .  With those  average o p e r a t i n g  c o s t s  f o r  K = . 5  and 8 ,  we wish 
t o  determine g e n e r a l  formulas f o r  t h e  f i x e d  and v a r i a b l e  o p e r a t i n g  
c o s t s  a s  f u n c t i o n s  of c a p a c i t y .  
F i r s t ,  we o b t a i n  t h e  annua l  f i x e d  and v a r i a b l e  c o s t s  f o r  those  
c a p a c i t i e s  by m u l t i p l y i n g  w i t h  365 uK (K = . 5  o r  8 )  those  p a r t s  of 
t h e  average  c o s t  i n  Table 11. The r e s u l t s  of m u l t i p l i c a t i o n s  g ive  t h e  
f o l l o w i n g  f ixed  o p e r a t i n g  c o s t s  Ff (K) f o r  K = . 5  and 8  mgd. 
The v a r i a b l e  o p e r a t i n g  c o s t s  f o r  K = . 5  and 8 mgd a r e  
Fv(K = .5 ,u)  = 365uK(109.5) = 1 9 , 9 8 4 ~  ($/Yr) 
FV(K = 8 , u )  = 365uK(29.7) = 8 6 , 7 2 4 ~  ($/Yr) 
The annua l  t o t a l  o p e r a t i n g  c o s t s  f o r  c a p a c i t y  o p e r a t i o n  a r e  g iven  
by t h e  sums of t h e  above f i x e d  c o s t s  and v a r i a b l e  c o s t s  (with u  = 1 )  f o r  
t h e  r e s p e c t i v e  d e s i g n  c a p a c i t i e s :  
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I n  Figure 1 , po in t s  A and B r ep re sen t  t he  t o t a l  ope ra t i ng  c o s t s ,  
$22,484 and $128,772 and po in t s  C and D t h e  f i x e d  ope ra t i ng  c o s t s ,  
$2,500 and $42,048, Functions whose curves pass  through t h e  above 
p a i r s  of  p o i n t s  determine the  r e l a t i o n s h i p s  between capac i ty  and 
t h e  annual t o t a l  and f i x e d  c o s t s  of opera t ion .  To r e f l e c t  s c a l e  
e f f e c t s ,  t h e s e  func t ions  a r e  formulated t o  exponent ia l  f unc t ions  
of  t h e  form shown i n  (i); s p e c i f i c a l l y  t hey  a r e  given by t h e  fol lowing 
( i v )  and ( v )  r ep re sen t ing  t h e  t o t a l  ope ra t i ng  c o s t  f o r  capac i ty  
opera t  ion and t h e  f i x e d  ope ra t i ng  c o s t ,  r e s p e c t i v e l y :  
The exponent of  K i n  ( i v )  equa ls  0.63 showing an inc rease  i n  
capac i ty  accompanies a  p o s i t i v e  bu t  l ess - than  p ropor t i ona l  i nc rease  
i n  t h e  t o t a l  ope ra t i ng  c o s t  f o r  capac i ty  opera t ion .  The exponent of  
K i n  ( v )  is almost equa l  t o  1, meaning t h e  f i x e d  opera t ing  c o s t  i s  
approximately a  l i n e a r  func t ion  of capac i ty .  Thus, according t o  
Koenig's d a t a ,  economies of  s c a l e  i n  water  t rea tment  a r e  r e a l i z e d  
by sav ings  i n  v a r i a b l e  opera t ing  c o s t  and c a p i t a l  c o s t ,  bu t  n o t  i n  
f i x e d  ope ra t i ng  cos t .  
Since t h e  v a r i a b l e  ope ra t i ng  c o s t  i s  assumed a s  a l i n e a r  
f u n c t i o n  of u t i l i z a t i o n  r a t e  u ,  it i s  g i v e n  by t h e  product '  of u  
and t h e  d i f f e r e n c e  between t h e  t o t a l  c o s t  and t h e  f i x e d  c o s t :  
Using ( v )  and ( v i ) , t h e  t o t a l  o p e r a t i n g  c o s t  i s  o b t a i ~ l e d  a s  a  
f u n c t i o n  of K and u :  
0 .63  
(vii) Ft(K,u) = 5.06K ( 1  - U )  + 3 4 . 7 4 ~  u  ( $ 1 0 0 0 / ~ r )  
Using (viih it is now p o s s i b l e  to de te rmine  t h e  t o t a l  o p e r a t i n g  
c o s t  of wa te r  t r e a t m e n t  f o r  a  g i v e n  K and u .  For example, s e t t i n g  
K = 4  mgd and u  = 0  o r  1 i n  (vii), we o b t a i n  t h e  t o t a l  o p e r a t i n g  
c o s t s  f o r  r e s p e c t i v e  u t i l i z a t i o n  r a t e s  as f o l l o w s :  
Ft(K = 4, u  = 0)  = 5 . 0 6 ( 4 " ~ ~ ) = 2 0 . 7 6 4  ($1000/Yr) 
Ft(K = 4 ,  u  = 1)  = 34.79(4° '63)=83.244 ($1000/Yr) 
S i m i l a r l y ,  t h e  t o t a l  o p e r a t i n g  c o s t s  f o r  K = l ,  2 ,  . . . ,  10 mgd 
a r e  computed and shown g r a p h i c a l l y  i n  F igure  3 ,  where p o i n t s  E  and F  
r e p r e s e n t  t h e  c o s t s  computed above f o r  Kz4 mgd and u=O and 1. As t h e  
u t i l i z a t i o n  r a t e  i n c r e a s e s  from 0  toward 1, t h e  t o t a l  o p e r a t i n g  c o s t  
i n c r e a s e s  from E  r e p r e s e n t i n g  t h e  f i x e d  o p e r a t i n g  c o s t  t o  F  r e p r e -  
s e n t i n g  t h e  t o t a l  c o s t  of o p e r a t i o n  a t  c a p a c i t y ,  a l o n g  t h e  s t r a i g h t  
l i n e  EF because  of t h e  assumpt ion t h a t  t h e  v a r i a b l e  c o s t  i s  a  l i n e a r  
f u n c t i o n  of u t i l i z a t i o n  r a t e .  For example, t h e  t o t a l  c o s t  a t  u=0 .7 ,  
shown by p o i n t  G,  i s  ob ta ined  by u s i n g  (yii) as follows: 
Ft(K=4, ~ ~ 0 . 7 )  = 5.06 ( 4 1 v 0 2 )  (1-0.7) + 34.79(4° '63)0 .7  = 64.500 
($1000/Yr) 
F i n a l l y  t h e  t o t a l  c o s t  o f  w a t e r  t r e a t m e n t  is  o b t a i n e d  by 
s u b s t i t u t i n g  E(K) i n  ( i i i )  and F  (K,u) i n  ( v i i )  i n t o  ( i i ) :  
t 
where a i s  an a m o r t i z a t i o n  f a c t o r  t o  conver t  t h e  c a p i t a l  c o s t  i n t o  
e q u i v a l e n t  annua l  payments over  t h e  l i f e  o f  t h e  t r e a t m e n t  p l a n t .  
Conclusion 
In format ion  r e g a r d i n g  c o s t s  of wa te r  t r e a t m e n t  i s  ex t remely  
d i f f i c u l t  t o  f i n d .  The average  c o s t s  of wa te r  t r e a t m e n t  u s u a l l y  
found i n  pub l i shed  s t u d i e s  may be u s e f u l  f o r  comparing t h e  r e l a t i v e  
e f f i c i e n c i e s  of v a r i o u s  o p e r a t i o n s  u s i n g  t h e  s p e c i f i e d  p l a n t  
c a p a c i t i e s  and u t i l i z a t i o n  r a t e s .  I f  o p e r a t i o n s  invo lve  p l a n t  
1 
c a p a c i t i e s  or  u t i l i z a t i o n  r a t e s  d i f f e r e n t  from t h e  s p e c i f i e d  v a l u e s ,  
t h o s e  average  c o s t s  f a i l  t o  g i v e  u s e f u l  in fo rmat ion .  
Because of economies of s c a l e  a v a i l a b l e  i n  l a r g e  p l a n t s ,  t h e  
c a p a c i t y  of a  new p l a n t  u s u a l l y  exceeds t h e  immediate requ i rements .  To 
f i n d  an economical ly  op t imal  c a p a c i t y &  such a  p l a n t ,  o f t e n  f o r  
i n c r e a s i n g  requ i rements  w i t h  t ime ,  c o s t s  of o p e r a t i o n  must be 
e s t i m a t e d  f o r  v a r i o u s  c a p a c i t i e s  and u t i l i z a t i o n  r a t e s  by u s i n g  some 
form of c o s t  f u n c t i o n .  Such a  c o s t  f u n c t i o n  may s e r v e  t h e  purpose  
of e s t i m a t i n g  t h e  o r d e r s  of magnitude of water  t r e a t m e n t  c o s t s  under 
v a r i o u s  c o n d i t i o n s ,  b u t  i t  does n o t  p rov ide  in format ion  on s p e c i f i c  
c o s t s  f o r  p l a n t s  t o  o p e r a t e  under p a r t i c u l a r  c o n d i t i o n s .  
The c o s t  f u n c t i o n  proposed h e r e  i s  based on d a t a  appeared i n  
p u b l i c a t i o n s  of Koenig and t h e  I l l i n o i s  S t a t e  Water Survey and may 
be valid as far as these data are concerned. When other data 
become available or a plant is to operate under specific conditions, 
a new function may be formulated using the.method suggested in this 
p a p e r .  
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